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It’s time to think 


Gaining a better understanding of infectious diseases, 
including their characterization, evolution and transmission, 
continues to be a priority, both from an R&D standpoint 
and as a public health issue. The COVID-19 pandemic has 
demonstrated the need for a wide range of tools to research 
infectious diseases, and has highlighted the importance 

of speed and the ability to pivot as new problems arise. 
This has emphasized the need for innovation and thinking 
differently about where to access those critical materials, 


including genomics reagents. 


Many scientists know NEB as a trusted reagent supplier to 
the life science community, but what you may not know is 
that we also offer a portfolio of products that can be used 
in infectious disease research, development of diagnostics 
and therapies, and in epidemiological studies and disease 
surveillance. In fact, many of our products have supported 
the development of COVID-19 diagnostics and vaccines, 
and can also be utilized with other infectious diseases, such 
as influenza and malaria. 


“GMP-grade” is a branding term NEB uses to describe reagents manufactured at our Rowley, MA facility, where we utilize procedures and process controls to 
manufacture reagents in compliance with ISO 9001 and ISO 13485 quality management system standards. NEB does not manufacture or sell products known 
as Active Pharmaceutical Ingredients (APIs), nor do we manufacture products in compliance with all of the Current Good Manufacturing Practice regulations. 


One or more of these products are covered by patents, trademarks and/or copyrights owned or controlled by New England Biolabs, Inc. For more information, 


please email us at busdev@neb.com. The use of these products may require you to obtain additional third party intellectual property rights for certain applications. 


© Copyright 2022, New England Biolabs, Inc. all rights reserved. 


differently. 


Find out how NEB can support your infectious disease research and development. 


Benefit from almost 50 years of experience in 
molecular biology & enzymology 


Partner with our OEM & Customized Solutions 
team to find the best solution for your needs 


Take advantage of our expanded manufacturing 
capabilities 


Access product formats, such as GMP-grade’, 
lyophilized, lyo-ready and glycerol-free 


Be confident in your product performance with 
our expanded quality and regulatory systems 


Ready to get started? Learn more at 
www.neb.com/InfectiousDiseases 


NEW ENGLAND 


ioLabs:.. 


be INSPIRED 
drive DISCOVERY 
stay GENUINE 
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OUR PROCESS — YOUR SUCCESS. 


When researchers expressed frustration that the 
existing CTLA-4 antibodies on the market weren’t 
producing reliable IHC results, CST went to work and 
developed a high-performing option. As a company 
founded and led by active scientists, we understand 
the importance of having products you can count on. 
We validate every one of our thousands of antibodies 
and research products in-house—and in multiple 
applications where indicated. If any product fails 

to meet our stringent standards, we keep refining it 
until it does. Scientists all over the world trust CST® 
products to work—first time, every time. You can, too. 


www.cellsignal.com 


Immune checkpoint inhibition, especially in combination with other therapeutic agents, has shown 
promise in the treatment of a variety of.cancers. To successfully develop such therapies, researchers 
must have reliable tools to detect the checkpoint proteins and ligands in tissue, in addition to other 
therapeutic readouts. Shown here is paraffin-embedded human B-cell non-Hodgkin lymphoma stained 
for pi immune checkpoint protein CTLA-4, using CTLA-4 (E2V1Z) Rabbit mAb #53560. 
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Advertorial 


The Biolnnovation Institute Foundation (Bil), Novozymes, and EvodiaBio turn molecular 
innovations into processes and products that make life on Earth more sustainable for 
the environment and healthier for people. 


Between California and Hawaii, there's an island of plastic almost as big as Alaska. 
Plastic waste evident in this huge mass—known as the Great Pacific Garbage 
Patch—and atmospheric carbon dioxide (CO,) at the highest levels in hundreds 

of thousands of years provide just two examples of the ongoing danger to Earth's 
sustainability. In Copenhagen, Denmark, scientists at Bll use biotechnology to take 
on these environmental challenges and others. 

“| think everyone knows that the planet's current health is not very strong,” says 
BII CEO Jens Nielsen. He adds that in addition to the oceanic and climatic indicators, 
we are “overusing all the resources on the planet, and so we will have to find new 
solutions to deal with this.” 

In conjunction with its traditional focus on human health, Bll is creating a new 
emphasis on planetary health. “It's very important that we make sure that we can all 
live healthy longer and that there's also a planet that is nice to live on," Nielsen says. 
As it turns out, these two objectives can often be addressed in parallel. 


Farm to fork 

Today's agricultural industry offers several opportunities where biotechnology 
can improve the health of the planet and people. According to the U.S. Department 
of Agriculture's Economic Research Service, more than 10% of the country’s 
greenhouse gases come from agriculture—as one example, synthetic fertilizers 
release nitrous oxide, But that could change. “Imagine if we could add microbes to 
the soil that work as fertilizer?” Nielsen asks. "The microbes could directly take the 
nitrogen from the air and donate it to the plants." 


Protecting the planet with biotechnology 


Scientists at Novozymes in Copenhagen already apply microorganism-based 
technology across the farm-to-food spectrum. For one thing, Novozymes inoculates 
seeds with microorganisms that take up nitrogen to form the root nodules. "So, we 
get much better growth with less dependence on chemical fertilizers,” says Claus 
Crone Fuglsang, chief scientific officer at Novozymes. The company also makes 
biopesticides from biodegradable proteins derived from microorganisms. 

Microorganism-derived enzymes from Novozymes can also be used to improve 
the taste, texture, and nutritional content of plant-derived foods. For instance, 
soy proteins lack some of the amino-acid combinations that make whey protein 
more nutritious. Instead of growing so many soybeans, a fermented protein can 
be engineered to contain the right amino acids for complete nutrition, while also 
providing a meaty flavor and texture. So, the production of plant-based foods such 
as meatless burgers can ease the pressure on the environment and improve human 
health. As Nielsen emphasizes, “Plant-based foods are more healthy and more 
sustainable in terms of their production.” 

Fuglsang calls Novozymes’ combination of agricultural technologies “farm to 
fork." “It covers everything from growing crops to processing grains, from producing 
alternative proteins to improving taste, texture, and nutritional profiles of plant- 
based consumer products,” he says. 


Cleaning up the environment 

Many other consumer products could benefit from microorganism-derived enzymes, 
which could also reduce their impact on the environment. One that Fuglsang points 
out is laundry detergent. “People don’t think much about it, but laundry detergents can 
contain pretty harsh chemicals that get washed out to the environment,” he says. “The 
right enzyme can replace some of these chemicals, help clean the clothes, degrade 
into harmless byproducts, and even allow a lower wash temperature.” 


PHOTO; © BLUEDOG STUDIO/SHUTTERSTOCK.COM 
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For Fuglsang, though, even more exciting advances lie ahead, and work on them 
is already underway. One that he mentions is recycling polyethylene terephthalate 
(PET), which is incorporated into many plastic containers, such as water and soda 
bottles. Novozymes and Carbios in France are running a pilot project in which 
enzymes break down PET into its components, which can then be used to make new 
plastic containers. 

Another Earth-friendly 
project underway at 
Novozymes uses enzymes to 
capture CO, before it raises 
the levels of greenhouse 
gases. Novozymes is working 
with Italy-based Saipem 
to deliver enzyme-based 
solutions that can “reduce 
the amount of chemicals 
and heat that are needed, 
compared to other carbon 
capture systems,” Fuglsang 
says. 


Making better 
beer with 
microorganisms 
Biotechnology can even help the beverage industry improve beer production. In 


Copenhagen, for example, scientists at EvodiaBio produce “natural and sustainable 
aromas that can bring more flavor and excitement to nonalcoholic beer,” says CEO 
Camilla Fenneberg. 

The technology behind EvodiaBio's methods emerged from Simon Dusséaux's 
postdoctoral work at the University of Copenhagen. In searching for more sustainable 
ways to produce molecules traditionally grown in plants, such as the hops for 
beer, Dusséaux—now cofounder and chief scientific officer at EvodiaBio—turned to 
fermentation. “The molecules are present in such low amounts in the plant material 
that you need to grow a lot of plants to just extract a few milligrams of what is of 
interest,” he says. That approach is resource-intensive, especially for fuel and water. 

After years of research, Dusséaux and his academic colleagues manipulated 
the genes in yeast to make large quantities of monoterpenes, which are flavor and 
aroma molecules “that can mimic the different profiles of various hops,” Fenneberg 
says. EvodiaBio developed commercial processes to produce and extract the 
monoterpenes. 


HONORING 
INNOVATION 


44 I think everyone 


Produced by the Science/AAAS Custom Publishing Office 


Although nonalcoholic beer offers many advantages, good taste is not usually 
one of them. So, EvodiaBio is starting in that market. As Fenneberg says, adding its 
molecules to a nonalcoholic beer creates a beverage with a “very nice hoppy flavor, 
like a regular beer.” Even a professional beer-tasting panel agreed. 

Although their beer is not yet on the market, the company has thus far deftly 
avoided the “Valley of Death’—the time from starting up until making money— 
through careful 
planning and help 
from BI. “I think 
what is really 
important is to 
knows that the ensure that you 
have a proven 
planet’s current business model 

or reputation 
of your product 
health is not before you invest 
in, for example, 
equipment and 
very strong. 5 | 9 so on,” Fenneberg 
says. “Plus, we 
—Jens Nielsen went out very early 
to breweries and 
tested our product 
with them.” She adds that it’s important to surround yourself with experts in all of 
the relevant fields, which BIl provided. 

With ongoing innovation, biotechnology might solve some of Earth's biggest 
sustainability challenges, such as shrinking the Great Pacific Garbage Patch. 
“Through microbial fermentation, you can make polylactic acid, which is 
biodegradable and can be used in plastic bottles and bags,” Nielsen says. Instead of 
ending up floating in the ocean, the plastic would be broken down and taken up by 


microorganisms. As Nielsen says, “That will be fantastic.” 


Sponsored by 


Biolnnovation 
Institute 


In 2021, BIl and Science teamed up to create the Biolnnovation Institute & Science 
Prize for Innovation. This prize honors researchers who turn life-science studies into 


products and commercial innovations. Consequently, the prize recognizes researchers 


who innovate within academics, but with an eye toward benefiting society. The 
submissions for the 2023 prize will open on 15 June 2022. Go to: science.org/bii 
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2023 VETLESEN PRIZE 


Achievement in the Earth Sciences 


The Vetlesen Prize was established in 1959 by the G. Unger Vetlesen Foundation to 
honor scientific achievement that has resulted in a clearer understanding of the Earth, 
its history, or its relation to the universe. The prize, which is administered by Columbia 
University’s Lamont-Doherty Earth Observatory, consists of a gold medal and a cash 
award of $250,000 and will next be awarded in 2023. 


Nomination packages should include at least two letters that describe the nominee’s 
contributions to a fuller understanding of the workings of our planet, a one-paragraph 
biographical sketch, and a full curriculum vitae of the candidate. 


Nominations should be sent prior to June 30, 2022 to: vetlesenprize@Iideo.columbia.edu 


or via mail to: Dr. Maureen E. Raymo, Director, Lamont-Doherty Earth Observatory 
PO Box 1000, 61 Route 9W, Palisades, NY 10964 


For more information about the Vetlesen Prize visit www.ldeo.columbia.edu/the-vetlesen-prize 
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NEWS FROM SCIENCE | AVAAAs 


Subscribe to News from Science for unlimited 
access to authoritative, up-to-the-minute news 
on research and science policy. 


Congratulations on your Ph.D.! 
Ready for your next step? 


Would you like to see your research published in Science, 
have the opportunity to receive USD 30,000, 
and get to travel to Sweden in December? 
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2 PRIZE 2 


Ing Scientist 


The Science & SciLifeLab Prize for Young Scientists Entrants for the 2022 prize must have received their 
iS an annual prize awarded to early-career scientists. Ph.D. between January 1, 2020 and December 31, 
The prize is awarded in four research categories: 2021. 

* Cell and Molecular Biology Applicants will submit a 1,000-word essay that is 


judged by an independent editorial team organized 
by the journal Science. Essays are assessed on the 
quality of research and the applicants’ ability to 

« Genomics, Proteomics, and Systems Biology articulate how their work would contribute to their 
scientific field. 

Apply before July 15, 2022. 


¢ Ecology and Environment 
¢ Molecular Medicine 
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EDITORIAL 


Faculty must lead inclusion 


ater this year, I will step down as president of the 
University of Maryland, Baltimore County (UMBC), 
after 30 years. I know this to be true—faculty mem- 
bers have the power. Presidents, provosts, and se- 
nior leaders at an institution set a tone and create 
the setting for successful programs. But ultimately, 
it is the commitment of professors and teaching 
staff that determines whether students—all students— 
can pursue their interests and achieve their goals. It takes 
high expectations for both students and educators. 

My own passion for helping people from all back- 
grounds to become scientists began in my childhood. I 
joined the 1963 Children’s March in Birmingham, Ala- 
bama, because I wanted a better education. Along with 
hundreds of other Black youth who joined the protest, I 
spent nearly a week in jail. A year later, I participated in 
a federally funded program for high-achieving Black high 
school students. A math pro- 
fessor challenged us to work 
together on a difficult prob- 
lem. Solving it took us 2 days. I 
learned from both experiences 
that high expectations and 
group work are powerful. 

A quarter-century later, in 
the fall of 1989, UMBC de- 
cided to commit to diversity 
and inclusion in science and 
engineering by launching its 
Meyerhoff Scholars Program, 
which focused on Black students in science, technology, 
engineering, and mathematics (STEM) fields. (Later, the 
program would include students of all backgrounds.) 
Faculty pulled students into their research, and the 
university created settings in which students could 
work together, learning, growing, acquiring agency, and 
finding a sense of belonging. UMBC has used a holistic 
approach to admissions for its Meyerhoff program, con- 
sidering test scores, coursework, and grades, but also a 
student’s grit, drive, “fire in the belly,’ and excitement 
about STEM research. 

Thirty years later, Meyerhoff Scholars are five times 
more likely to graduate from a STEM PhD or MD-PhD 
program than students who were invited to join the 
program but attended another university. UMBC is the 
number one producer of African American undergradu- 
ates who go on to earn PhDs in the natural sciences and 
engineering or an MD-PhD. Today, The Pennsylvania 
State University and the University of North Carolina, 
Chapel Hill, each have a Meyerhoff-like program. The 
Howard Hughes Medical Institute intends to fund 24 


“When faculty take 
ownership of inclusion... 


universities will finally 


‘move the needle... 


research universities to develop and implement similar 
programs. The Chan Zuckerberg Initiative is also fund- 
ing programs at the University of California’s Berkeley 
and San Diego campuses. 

For university leaders to achieve long-term sustain- 
able change in diversity and inclusion, they need to 
bring faculty into this work as allies in a “high expec- 
tation” strategy. Staff members offer crucial support, 
providing advice, professional development, and pro- 
gramming. Faculty create an empowering culture in 
which students find a sense of community and help 
each other study and learn. Because of this, university 
leaders want faculty to rethink the way they teach, re- 
designing courses to emphasize active and team-based 
learning, for example. University leaders want them to 
advise and mentor students and bring them into their 
research—in the lab or in the field. It takes scientists 
to produce scientists. 

Introducing this kind of 
“Meyerhoff change” in a uni- 
versity begins by collecting 
and analyzing data for science 
and engineering students. 
What percentage, by race and 
gender, is passing introduc- 
tory biology and chemistry 
courses? Are they progressing 
to the next course and doing 
well? Are students persisting 
in STEM majors? Working 
with faculty, leaders can discuss information to under- 
stand problems, brainstorm solutions, and agree on a 
plan. Educators who have had success with underrep- 
resented minority students should be invited to speak 
with the faculty. They can provide insight and inspire 
faculty members to become allies and champions by 
taking a lead in changing STEM education. Minority 
students can be invited to speak about their experi- 
ences as well. To make all of this work, institutional 
funds will be necessary, as will a commitment to rais- 
ing money from agencies, corporations, foundations, 
and individuals. 

It takes broad institutional commitment to produce 
scientists. Leaders set the tone, staff provide support, 
and faculty lead in the classroom and in the lab. When 
faculty take ownership of inclusion in science and en- 
gineering, mentoring undergraduates and graduate stu- 
dents, bringing them into the work, and championing 
them on their career journeys, then universities will 
finally “move the needle” on diversity in these fields. 

—Freeman A. Hrabowski III 
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Hrabowski III 

is president of 

the University of 
Maryland, Baltimore 
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Cottrell 


Scholars 


Ges. 

the 
Future 
of Science 


Research Corporation for 
Science Advancement, 
America’s first foundation 
dedicated wholly to science, 
has named 24 early career 
scholars in chemistry, 
physics, and astronomy as 
its 2022 Cottrell Scholars. 
Each awardee receives 
$100,000. Recipients are 
recognized for high-quality 
research, innovative 
educational initiatives, and 
academic leadership. 


Three accomplished Cottrell 
Scholars (far right) further 
along in their careers have 
also received recognition 

for their achievements. STAR 
Awards reward excellence in 
science teaching and research. 
The IMPACT Award is given 
for national impact in 
science through leadership 
and service. 


For additional information 


visit rescorp.org 
or call 520.571.1111. 


Cottrell Scholar Awardees 


1. Darcy Barron, physics, University of New 
Mexico / Enabling Discoveries in Fundamental 
Physics by Maximizing the Sensitivity of 
Cosmic Microwave Background Polarization 
Surveys from Chile 2. Carl Brozek, chemistry, 
University of Oregon / Clean Water from 
Porous Nanocrystals: An Undergraduate 
Training Program in Soft Skills and 
Sustainable Materials 3. Ilse Cleeves, 
astronomy, University of Virginia / Identifying 
Molecular Patterns that Reveal the Chemistry 
of Planet Formation 4. Scott Cushing, 
chemistry, California Institute of Technology / 
The Role of Picosecond Correlations in 
Solid-State Electrolytes for Batteries 

5. Ryan Davis, chemistry, Trinity University / 
Chemistry Beyond the Beaker: Exploring 
Supramolecular Assembly in Aqueous 


Microdroplets and Addressing Inequities in 
Chemical Education 6. Serena Eley, physics, 
Colorado School of Mines / Identifying the 
Microscopic Origins of Energy Loss 
Mechanisms in Superconducting Quantum 
Circuits through Defect Landscape 
Engineering 


a 


7. Ben Feldman, physics, Stanford University / 
Thermodynamic Characterization of Metal- 
insulator Transitions in Dual Gated Moiré 
Superlattices 8. Kate Follette, astronomy, 
Amherst College / Moving Forward —Towards 
Accurate Recovery and Interpretation of 
Accreting Protoplanets and a Socially Just 
Undergraduate Astronomy Curriculum 

g. Wen-fai Fong, astronomy, Northwestern 
University / Toward the Next Breakthroughs in 
Time-Domain Astronomy: The Origins of Fast 
Radio Bursts 10. Stephen Fried, chemistry, 
Johns Hopkins University / Bringing New Life to 
Prebiotic Peptide Chemistry and to the Physical 
Chemistry Curriculum 11. Ryan Hadt, 
chemistry, California Institute of Technology | 
Research— Learning How to Engineer Spin- 
Phonon Coupling in Molecules and Materials; 
Educational—Tackling Theoretical Topics in 
Inorganic Chemistry: A Worked Example 
Approach 12. Christine Hagan, chemistry, 
College of the Holy Cross / Mechanistic Studies 
of Protein Toxin Delivery by Bacterial Contact- 
Dependent Inhibition Systems 


13. Sarah Keane, chemistry, University of 
Michigan / RNA Matchmaker: The Role of 
Loops and Mismatches in RNA Processing 
14. Daniel Keedy, chemistry, CUNY Advanced 
Science Research Center & City College of 
New York / Illuminating Structural Motions 
that Underlie Allostery in Dynamic 
Phosphatase Enzymes 15. Michael Larsen, 
chemistry, Western Washington University | 
Diverse N-Functionalized Polyureas by 
Cationic Ring-Opening Polymerization of 
Iminooxazolidines 16. Lauren Marbella, 
chemistry, Columbia University / Tracking 
(Electro)Chemical Reduction at Electrode/ 
Electrolyte Interfaces with Operando NMR 
17. Krystle McLaughlin, chemistry, Vassar 
College / Structural Basis for the Conjugative 
Spread of Antibiotic Resistance 

18. Jorge Munoz, physics, University of Texas 
at El Paso / Fast and Accurate Computation of 
Anharmonic Phonons in Polymorphic 
Materials 


19. Lisa Olshansky, chemistry, University of 
Illinois at Urbana-Champaign / Exploring and 
Exploiting Conformational Dynamics for 
Proton-Coupled Electron Transfer 

20. Zachariah Page, chemistry, University of 
Texas at Austin / Color-Coded Orthogonal 
Photochemistry from a Single Dye & Guiding 
Student Mindsets in Organic Chemistry 

21. Amanda Patrick, chemistry, Mississippi 
State University / Winnowing the Possible 
Identities of Metabolomics "Features" by 
Hydrogen-Deuterium Exchange Mass 
Spectrometry 22. Orit Peleg, physics, 


University of Colorado Boulder / The Physics of 


Firefly Communications: Principles and 
Predictions 23. Aurora Pribram-Jones, 
chemistry, University of California, Merced | 


Reframing Interaction in Quantum Mechanical 


Ensembles and Across Chemistry Learning 
Communities 24. Ryan Trainor, astronomy, 
Franklin & Marshall College / Feedback in the 
Circumgalactic Medium Probed with Lyman- 
alpha Emission 


STAR and IMPACT Awardees 


1. STAR awardee Rae Robertson-Anderson, 
physics, University of San Diego /| 

Cottrell Scholar 2010 

2. STAR awardee Scott Snyder, chemistry, 
University of Chicago / Cottrell Scholar 2009 
3. IMPACT awardee Seth Cohen, chemistry, 
University of California, San Diego /| 

Cottrell Scholar 2004 
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Paleontologist Stephen Brusatte, in The New York Times, about the first-ever auction on 12 May of a 
Deinonychus velociraptor fossil. He fears a private buyer might refuse to allow study or public display. 


Biologist accused of sexual misconduct drops NYU job quest 


ancer biologist David Sabatini, dogged by con- 
troversy since Science reported that he was in 
job talks with New York University’s Grossman 
School of Medicine, withdrew this week from 
consideration for a position at the medical 
school. Sabatini had recently been forced out of 
jobs at the Massachusetts Institute of Technology for 
breaching its consensual relationships policy and the 
Whitehead Institute for Biomedical Research for sex- 
ual harassment. The Howard Hughes Medical Institute 
also fired him last year for violating workplace poli- 
cies. In a 3 May statement, Sabatini decried “false, 


distorted, and preposterous allegations about me” in 
news reports and on social media, adding that his 
withdrawal was meant to reduce “enormous pressure” 
on the medical school. Its top administrators emailed 
faculty members and students on 3 May that the school 
and Sabatini “have reached the conclusion that it will 
not be possible for him to become a member of our 
faculty.” Last week, hundreds of trainees protested 
outside the medical school (above), and hundreds of 
its faculty, students, alumni, and others signed letters 
of protest. Forty-five anonymous former Sabatini lab 
members said they signed a letter supporting him. 


Probe knocks Raoult institute 


RESEARCH MISCONDUCT | France’s drug 
regulatory agency has found “serious ethi- 
cal breaches” in past clinical trials at the 
institute led by controversial microbiologist 
Didier Raoult, who became notorious for 
promoting hydroxychloroquine as a COVID- 
19 drug despite a lack of evidence. The 
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National Agency for the Safety of Medicines 
and Health Products (ANSM) investigated 
two trials at the Hospital Institute of 
Marseille Mediterranean Infection (IHU), 
which Raoult leads, one on children’s 
infections with the bacterium Tropheryma 
whipplei, the other on illnesses contracted 
by French medical students while abroad. 
ANSM’s draft report, published on 27 April, 


documents “critical” and “major” problems 
in consent and ethical approval procedures 
in both studies and says Raoult submitted 
a falsified ethical approval document in 
the course of the investigation. ANSM has 
referred its findings to Marseille authori- 
ties for possible criminal prosecution. The 
report is another step in Raoult’s fall from 
grace, following a reprimand last year from 
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the French Medical Council for his hydroxy- 
chloroquine advocacy. ANSM’s investigation 
will continue to scrutinize further trials, 
alongside investigations by other French 
authorities. In a statement to Science, 
Raoult said IHU followed ethical proce- 
dures and that the investigation may be an 
attempt to undermine his credibility, given 
his role as a witness in an investigation into 
the government’s COVID-19 management. 


COVID-19 pills fail at prevention 


CLINICAL TRIALS | Pfizer’s antiviral pill 
combination fails to prevent infection 
among household contacts of patients 
with COVID-19, a clinical trial has 
found. Paxlovid, a mix of two drugs, 
nirmatrelvir and ritonavir, is prescribed 
to COVID-19 patients with risk factors 
such as older age and obesity that place 
them at higher risk of hospitalization or 
death. Now, Pfizer has tested it in nearly 
3000 household contacts of people who 
tested positive for the coronavirus. The 
trial found that when adults who had an 
infected household member took the drug 
for either 5 or 10 days, they were 32% or 
37% less likely than those on a placebo 
to later test positive themselves—but the 
differences between the groups were not 
statistically significant, the company said, 
and could have resulted from chance. 
Some antivirals, such as those for HIV, 
have worked as preventives. 


Abid to recruit Russian scientists 


war | AUS. proposal to poach Russian 
researchers opposed to the invasion of 
Ukraine is receiving mixed reviews. Last 
week, Bloomberg and other media outlets 
reported that President Joe Biden’s admin- 
istration, as part of a request to Congress 
for $33 billion in spending on Ukraine, is 
seeking to ease visa requirements for the 
next 4 years for Russian scientists in high- 
tech fields such as artificial intelligence, 
quantum physics, and semiconductors. 
Some administration officials compare the 
concept to Operation Paperclip, a clan- 
destine U.S. effort after World War II that 
spirited more than 1600 researchers—many 
of them rocket scientists—out of Germany 
before the Soviet Union could absorb 
them. The overall spending measure has 
drawn bipartisan support in Congress. But, 
“Tt’s really crazy” that the new proposal is 
being discussed openly beforehand, says 
Gerson Sher, an independent consultant 
and expert on Russian science engagement. 
Russia, he notes, could now move to clois- 
ter top scientists or otherwise restrict them 
from traveling abroad. 
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IN FOCUS The flower of Arabidopsis thaliana, a popular model organism in plant 
biology, was the top winner of the Olympus Image of the Year Award 2021, 

which honors light microscopy, announced last week. The flower, about 3 millimeters 

in diameter, was stained with aniline blue dye; under fluorescent light, six anthers 
containing pollen appear yellow-green. The image was taken by Jan Martinek, a Ph.D. 
student in plant biology at Charles University in Prague. 


China tech giant boosts research 


FUNDING | Tencent, the Chinese social 
media, e-commerce, and video game 
conglomerate, will put up $1.5 billion over 
10 years to support basic research in bio- 
logy, math, medicine, and physics in that 
country, Chinese media reported last week. 
The New Cornerstone Researcher Project is 
expected to allow up to 300 researchers to 
freely pursue their scientific interests. The 
new fund is one of several Tencent philan- 
thropic efforts responding to government 
calls for successful high-tech companies to 
share their prosperity with society. Private 
and corporate philanthropy has been 
growing in China but the focus has long 
been on education and poverty alleviation, 
although the COVID-19 crisis prompted 


donations for research on vaccines and 
antiviral drugs. Tencent’s move aligns with 
a government drive to boost support for 
basic research from 6% of the country’s 
total R&D spending in 2021 to 8% by 2025. 
The fund will begin accepting applications 
for grants later this year. 


UC campus buys Venter building 


BIOLOGY | The nonprofit research center 
founded by renowned geneticist Craig 
Venter has sold its laboratory building in 
San Diego, California, to the University of 
California, San Diego (UCSD), for 

$25 million. The transaction occurred in 
January, and the J. Craig Venter Institute 
(JCVD) announced it last week. The sale 
allows JCVI to operate rent-free there for 
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5 years; the institute also retains a separate 
location in Rockville, Maryland. Many 

of JCVI’s scientists already held joint 
appointments at UCSD, and JCVI is consid- 
ering a follow-up deal to transfer some of 
its research programs to the university, 
the institute said in a press release. The 
sale came after JCVI’s revenue had 
dropped by nearly half from 2018 to 2019, 
to $23.8 million, according to its federal 
tax filing for 2019. Selling the building 

“was an opportunity to free up resources to 
continue the important research programs 
that Craig and JCVI are doing and want to 
do,” a spokesperson said. JCVI was created 
in 2006 from the merger of the Institute for 
Genomic Research, which Venter founded 
in 1992, and other Venter-backed research 
organizations. Among JCVI’s genetics 
accomplishments is creating the first cell 
with a completely synthetic genome. Before 
that, Venter played a key role in sequencing 
the human genome. 


Fund minority schools, panel says 


DIVERSITY | Black colleges need more 
money, not just kind words, from the U.S. 
Department of Defense (DOD), an expert 
panel says. Historically Black colleges and 
universities (HBCUs) received just 0.4% of 
DOD’s $6.6 billion annual budget for basic 
research in 2019, according to a 
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28 April report from the National 
Academies of Sciences, Engineering, and 
Medicine. “There is a clear disconnect 
between the expressed encouragement by 
Congress and DOD to increase participa- 
tion of [minority-serving institutions] in 
defense-funded research and the resources 
allocated,” the report says. It notes that 
NASA and the Department of Energy give 
HBCUs a much bigger slice—0.9%—of 
their research budgets. This year, Congress 
appropriated $100 million, double DOD’s 
request, for a program that targets 
institutions enrolling large numbers of 
underrepresented students. The report says 
DOD officials should be asking for at least 
that amount each year for the program. 


Diabetes compound cuts weight 


BIOMEDICINE | An experimental diabetes 
drug used to also treat obesity helped people 
lose up to 22.5% of their body weight over 
16 months, according to unpublished data 
released last week by the drug’s manufac- 
turer. In a press release, Eli Lilly & Company 
said about 630 people who gave themselves 
a weekly, 15-milligram injection of the drug, 
tirzepatide, lost 23 kilograms on average. 
Others taking lower doses lost less weight, 
and those receiving a placebo lost only 

2 kilograms. Tirzepatide, developed for 
people with type 2 diabetes, mimics two gut 


hormones—glucagon-like peptide-1 (GLP-1) 
and gastric inhibitory polypeptide—that 
curb appetite and slow stomach emptying, 
which helps people eat less. Another GLP-1- 
mimicking drug, Novo Nordisk’s semaglutide 
(Wegovy), approved by the U.S. Food and 
Drug Administration in June 2021, helped 
people lose 15% of their body weight over a 
similar period. Some specialists have called 
the two drugs important alternatives to 
bariatric surgery for obesity. One unknown is 
whether health insurers will cover the drugs; 
Wegovy’s list price is $1350 a month. 


New font of exotic nuclei opens 


NUCLEAR PHYSIcs | The U.S. Department 
of Energy this week officially opened the 
Facility for Rare Isotope Beams (FRIB) at 
Michigan State University. Researchers 
hope to use it to improve understanding 
of how heavier elements are forged in 
stellar explosions, among other topics. The 
$730 million linear accelerator can gener- 
ate beams of any atomic nucleus from 
hydrogen to uranium. Physicists fire the 
beam through a graphite target to break 
the nuclei into lighter, exotic ones rich in 
neutrons. FRIB may produce 1000 kinds 
of nuclei never before observed. 


S SCIENCE.ORG/NEWS 
Read more news from Science online. 


science.org SCIENCE 


PHOTO: NASA/JIM ROSS 


2021 Winner 
Amber L. Alhadeé 
Monell Chemical 
For research on tk 


~ 
TA URYAN 


in control 
of hunger circuits 


- 


eppendorf 
Science 
PRIZE FOR 


NEURO 
BIOLOGY 


Tell the World About Your Work! 


Eppendorf & Science Prize for Neurobiology 

The annual Eppendorf & Science Prize for Neurobiology 
is an international prize which honors young scientists 
for their outstanding contributions to neurobiological 
research based on methods of molecular and cell biology. 
The winner and finalists are selected by a committee of 
independent scientists, chaired by Science’s Senior Editor, 
Dr. Peter Stern. If you are 35 years of age or younger and 
doing great research, now is the time to apply for this 
prize. 


eppendorf 


AVAAAS 


As the Grand Prize Winner, you could be next to receive 

> Prize money of US$25,000 

> Publication of your work in Science 

> Full support to attend the Prize Ceremony held in 
conjunction with the Annual Meeting of the Society 
for Neuroscience in the USA 

> 10-year AAAS membership and online subscription 
to Science 

> Complimentary products worth US$1,000 
from Eppendorf 

> An invitation to visit Eppendorf in Hamburg, Germany 


It’s easy to apply! Write a 1,000-word essay and tell the 
world about your work. Learn more at: 


eppendorf.com/prize 


AAAS® and Science® are registered trademarks of the American Association for the Advancement of Science, USA. Eppendorf® and the Eppendorf Brand Design are registered trademarks of Eppendorf SE, Germany. 


All rights reserved, including graphics and images. Copyright © 2022 by Eppendorf SE. Photography: Happy Hour Headshot Philadelphia. 


st) 


Peat layers in Poland’s Sniezka bog capture spikes in pluto 


. wie 7 ta 4 
ss ; a J ts m1 
Ty a Vwi t 
ba IND DA bs sta Bal 


nium from nuclear tests, jumps in metals from nearby smokestacks, and the extinction of native amoebas. 


Bids for Anthropocene’s ‘golden spike’ emerge 


Sites compete to mark global changes of the 1950s and define new geological age 


By Paul Voosen 


f you had to pick one spot that best re- 
flects when human activity became an 
Earth-shaping force, where would it be? 
Geoscientists will consider the question 
this month when they meet to evaluate 
12 sites, only one of which can serve as 
the “golden spike” for the Anthropocene, a 
proposed geological age beginning in the 
1950s amid the fire of nuclear bomb tests and 
the fumes of surging fossil fuel use. 
Although the idea of the Anthropocene has 
gained wide traction, it still lacks a formal 
geological definition. In 2016, the Anthro- 
pocene Working Group (AWG), a group of 
several dozen geoscientists convened by the 
International Commission on Stratigraphy 
(ICS), settled on the early 1950s as its starting 
point (Science, 26 August 2016, p. 852). But 
the ICS still needs a formal proposal with an 
ideal geologic sample recording these global 
changes—a golden spike—to mark the end of 
the Holocene epoch, which began 11,700 years 
ago, and the beginning of the Anthropocene. 
To find that sample, teams of earth scien- 
tists spent several years analyzing sites that 
contain promising markers, such as spikes 
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in plutonium and other radionuclides that 
settled after atmospheric nuclear tests, 
spherical ash particles from unchecked 
industrial emissions, microplastics, and 
perturbations to carbon and_ nitrogen 
chemistry from greenhouse gas emissions 
and urban smog. The array of possibilities 
was bewildering, says Colin Waters, a geo- 
logist at the University of Leicester and 
AWG chair. “Starting from scratch, you’ve 
got the whole world to play with.” 

At a meeting in Berlin, starting on 
18 May, the teams will present the case 
for their site to serve as the golden spike. 
Months of deliberation will begin this sum- 
mer, before a final silent voting period. If 
60% of the group’s members agree on one 
site, a selection will be announced by De- 
cember, Waters says. 

Some of the strongest candidates come 
from lake bottoms that accumulate muds in 
thin annual layers, creating high-resolution 
records. Crawford Lake in Canada’s Ontario 
province, only some 200 meters wide but 
25 meters deep, is one. In cores of mud from 
the lake, changes seen since the 1950s stand 
out vividly, including the bomb spike and an 
“off the charts” increase in soot from local 


industry, says Francine McCarthy, a micro- 
paleontologist at Brock University. “We 
have a really ideal site,” she says. 

A site outside Europe or North Amer- 
ica, which industrialized well ahead of 
other regions, might be a better record of 
changes that swept the world in the 1950s, 
says Yongming Han, a geochemist at the 
Chinese Academy of Sciences’s Institute of 
Earth Environment. His team will propose 
Sihailongwan Lake, in a protected forest in 
northeastern China. Mud cores from the 
lake show not only the bomb spike and 
rises in soot, but also increases in spherical 
ash particles and heavy metals. They also 
record a rapid increase in light carbon, the 
isotope favored by life, driven by burning 
fossil fuels that were once organic matter. 

There is no greater aggregator of global 
signals than the ocean, making marine 
sediments strong contenders. One set of 
muds, collected in the Baltic Sea, shows 
a pronounced change from light gray to 
dark brown in the 1950s, the result of al- 
gal blooms fed by fertilizer in farming run- 
off. “There’s an explosion” of algae, says 
Jérome Kaiser, a marine geochemist at the 
Leibniz Institute for Baltic Sea Research. 
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His team sees not only the bomb spike and 
surge of spherical ash, but also a rise in 
DDT, a once-ubiquitous pesticide. Mean- 
while, in Japan, sediment samples from 
Beppu Bay show an increase in total nitro- 
gen from fertilizer runoff around this time, 
says Michinobu Kuwae, a_paleoceano- 
grapher at Ehime University. “Humankind 
must notice that we are already in the An- 
thropocene,” he says. 

Corals are another ocean record under 
consideration, but they seem to be less suited 
for a golden spike, says Kristine DeLong, a 
paleoclimatologist at Louisiana State Uni- 
versity, Baton Rouge. The coral she studied 
from a pristine reef in the Gulf of Mexico did 
not even capture the bomb spike. “It’s kind 
of nice, these corals weren’t impacted,” she 
says. What they do display are strange in- 
creases in barium—likely from barite, a min- 
eral used in offshore oil drilling. 

A late addition to the slate of candidates 
came from a Polish peat bog near a moun- 
tain summit in a region known for its mines 
and heavy industry. The bog is fed only by 
rain, so it forms a great archive of atmo- 
spheric pollution, says Barbara Fiatkiewicz- 
Koziet, a geoecologist at Adam Mickiewicz 
University. Its sediments capture the typi- 
cal 1950s markers, along with spikes in 
lead, aluminum, titanium from nearby 


Marking time 

By December, a winner could emerge from 12 sites 
competing to be the Anthropocene's “golden spike.” 
But its adoption by the bureaucracy that governs 
geologic time is not guaranteed. 


NAME LOCATION TYPE 

Beppu Bay Kyushu Island, Marine 
Japan sediments 

Crawford Lake Ontario, Lake muds 
Canada 

Ernesto Cave Italy Cave deposits 

Flinders Reef Coral Sea, Coral 
Australia 

Gotland Basin Baltic Sea arine 

sediments 

Palmer ice core Antarctic ce sheet 
Peninsula 

San Francisco California, arine 

Estuary United States Sediments 

Searsville California, Lake muds 

Reservoir United States 

Sihailongwan Lake Jilin province, | Lake muds 
China 

Sniezka bog Poland Peat layers 

Vienna Museum Austria Urban soil 

excavation 

West Flower Gulf of Mexico Coral 

Garden Bank 
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smokestacks—and even the extinction of 
amoebas that once thrived in the peat. “I 
have 30 different proxies,” she says. “And ev- 
ery proxy gives a very distinct answer.” 

After the AWG settles on a site, the pro- 
posal must be approved by 60% of the two 
dozen or so members of the Subcommission 
on Quaternary Stratigraphy. From there it 
will go to the executive committee of the 
ICS—and finally to the International Union 
of Geological Sciences (IUGS). These are not 
rubber stamps; proposals for stratigraphic 
divisions routinely fail, and when they do, 
they cannot be reconsidered for 10 years. 
“There’s no guarantee that the Anthropocene 
will be agreed upon,” says Jan Zalasiewicz, a 
Leicester stratigrapher and longtime AWG 
head who now leads the quaternary sub- 
commission. “There are influential strati- 
graphers who are very uncomfortable with 
a formalized Anthropocene.” 

One of those stratigraphers is IUGS head 
Stanley Finney of California State Univer- 
sity, Long Beach. From the start, he says, the 
AWG has operated backward, starting with 
the proposed Anthropocene and looking for 
markers, rather than starting with the geo- 
logic record itself. The group “has not been 
open-minded,” he says. In his view, the An- 
thropocene should not be shoehorned into 
the record of geologic time because, so far, 
it is just one human lifetime long, based on 
centimeters of mud and signals that may 
not persist once those sediments turn into 
rocks. Even the plutonium will be largely 
undetectable after 100,000 years. 

Despite his personal opposition, Finney 
says he won’t stand in the way if the ICS is 
open and follows procedure. But he would 
prefer to categorize the Anthropocene as 
an “event,” an informal term geoscientists 
use for everything from gradual planet- 
wide changes that take millions of years to 
large asteroid impacts. Waters agrees the 
Anthropocene can be an event, but argues 
that shouldn’t preclude a more formal des- 
ignation. He points out how the dinosaur- 
killing Chicxulub impact 66 million years 
ago is an event—but also one that marks 
the geological divide between the Creta- 
ceous and the Paleogene periods. 

AWG member Erle Ellis, a landscape 
ecologist at the University of Maryland, 
Baltimore County, believes the odds of ap- 
proval for an Anthropocene epoch aren’t 
great, but says the “event” idea could fare 
better. For years, the ICS has fretted about 
provoking negative publicity if it rejects the 
Anthropocene proposal. With an “event,” 
Ellis says, the ICS can still acknowledge the 
significant impact that humanity is mak- 
ing on Earth. “The Anthropocene is never 
going to be rejected,” he says. “It’s simply a 
matter of how it’s going to be defined.” 


DEMOGRAPHY 


Census aims 
for better U.S. 
statistical 
portrait 


Agency wants to retool 

its surveys and decennial 
census to improve efficiency 
and generate better data 


By Jeffrey Mervis 


resh from a tumultuous 2020 census, 
the U.S. Census Bureau has quietly be- 
gun what it hopes will be a major over- 
haul of how it conducts the decennial 
census and manages 130 surveys that 
paint a statistical picture of the country. 

Its goals are to hold down costs, reduce 
the burden on survey respondents, and do 
better at finding people from groups of- 
ten undercounted. Agency officials believe 
the changes will result in more useful and 
timely information about the nation’s resi- 
dents and the economy. 

An independent team of former census 
directors and prominent social scientists 
based at the University of Virginia (UVA) 
is helping the agency meet those goals, and 
last week it released a progress report on its 
4-year effort. “The Census Bureau is already 
moving in the right direction, and we're 
hoping to help them get there by exploring 
some of the scientific issues that need to be 
addressed,” says Sallie Keller, a UVA statis- 
tician leading the team along with former 
Census Director Kenneth Prewitt. 

“We understand that we need to take a 
different approach for 2030,” says Robert 
Santos, a statistician who began a 5-year 
term as Census director in January. The 
agency faces ever-rising costs (the 2020 
census cost $14.2 billion), declining re- 
sponse rates, diminished public trust in 
government, and heightened concerns 
about privacy. “We’re looking to see how 
far we can go with the vision that has been 
expressed by the University of Virginia 
team,” Santos says. 

The research community, which could 
gain easier access to a richer trove of data 
sets, is rooting for the Census Bureau to 
succeed. But many are skeptical that it can 
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Existing U.S. surveys provide an incomplete picture of elderly care facilities. 


adopt meaningful improvements in today’s 
hyperpartisan political climate. 

The agency's constitutional duty—to 
determine how to divvy up the 435 seats in 
the U.S. House of Representatives by state— 
makes it a perennial target for politicians. 
The 2020 cycle was especially fraught as 
then-President Donald Trump waged an as- 
sault on the agency’s independence that in- 
cluded an unsuccessful campaign to add a 
citizenship question to the census. 

One major challenge for the agency is 
to reduce its reliance on a master list of 
addresses, painstakingly compiled and 
continuously updated, as the basis for the 
decennial head count. But counting every 
household requires an army of enumerators 
to make repeated follow-up visits to dwell- 
ings believed to house residents who did not 
respond to the initial census questionnaire. 

The Census Bureau hopes to dramatically 
shrink that mop-up effort in 2030 by iden- 
tifying most of the U.S. population through 
so-called administrative records: personal 
information residents have already pro- 
vided to other federal agencies, as well as 
data collected by local and state govern- 
ments and by commercial vendors. The 
bureau could then conduct a much smaller 
follow-up effort to track down the estimated 
15% to 20% of the population lacking a us- 
able electronic footprint. 

There’s no guarantee, however, that data 
culled from administrative records would 
meet the bureau’s high standards. And enu- 
merating people who are missing from those 
records is no trivial matter, says Joseph Hotz, 
a population economist at Duke University. 

Hotz is conducting a study to understand 
rural aging in North Carolina and has found 
that men living alone can be especially elu- 


564 6 MAY 2022 » VOL 376 ISSUE 6593 


sive. “They aren’t homeowners, and they 
don’t appear in commercial housing data- 
bases,” he says. “They aren’t easy to find be- 
cause they don’t want to be found.” 

Another major goal is to make better use 
of data from the welter of surveys the bureau 
now conducts apart from the decennial cen- 
sus. Those surveys generate separate master 
lists, or frames, that contain data such as the 
number and location of housing units, a ros- 
ter of employers and jobs, and demographic 
information for the population as a whole. 

Combining those frames and analyzing 
the merged data, Santos says, “might answer 
policy questions you couldn’t even put on the 
table before.” It could also lead to shorter, less 
burdensome surveys, he adds, by eliminating 
redundant questions. 

The UVA team is conducting a series of pi- 
lot studies to demonstrate the added value of 
what it calls a “curated data enterprise.” Joe 
Salvo, former chief demographer for New 
York City and now a senior fellow at UVA, 
says one example of an important economic 
trend that current surveys have struggled to 
capture is the gig economy, in which people 
hold down multiple jobs. 

The bureau’s Current Population Survey 
(CPS), amonthly survey of the U.S. labor force, 
yields a gross undercount of gig workers by 
assuming respondents have just one primary 
job, Salvo asserts. “CPS says there are 15 to 
18 million people in the gig economy, and 
that the number hasn’t changed since 2005,” 
he says. “But recent studies suggest the num- 
ber could be as high as 55 million.” He thinks 
a better answer would come from combining 
CPS data with Internal Revenue Service data 
on reported income, along with records from 
nonprofit organizations and from those who 
are self-employed. 


Another UVA project, on the state of nurs- 
ing homes and residential care facilities, aims 
to create a more detailed picture of those who 
live in, work at, and operate such facilities. 
Keller says that picture could be pieced to- 
gether from geospatial data and business and 
labor surveys and would be invaluable for re- 
sponding to a natural disaster or pandemic. 

Despite the potentially huge payoff, such 
efforts raise the specter of the federal gov- 
ernment as an all-knowing Big Brother. 
Some of those fears could be alleviated, 
Keller says, by pooling the data only as 
needed, to answer a specific policy question. 

Another safeguard is to cloak personal, 
individualized data. “We’re very close to 
having the technology for creating a fire- 
wall that allows access to the data without 
actually being able to look at individual re- 
cords,” Santos explains. 

The Census Bureau is already prohibited 
from releasing any data sets that, when 
combined with other anonymous informa- 
tion, could allow outsiders to identify indi- 
viduals. To meet that requirement, the 2020 
census applied a mathematical tool called 
differential privacy, which injects statistical 
“noise” into the data. 

However, many demographers have com- 
plained that the amount of noise needed to 
avoid disclosure has undermined data qual- 
ity. They worry the problem will get worse 
if the Census Bureau sets too high a privacy 
bar for any data it releases. One proposed 
solution would be to exempt some data, 
such as addresses, that are typically avail- 
able on the internet. 

Privacy concerns aren’t the only reason for 
the decline in survey participation, social sci- 
entists say. The public is also skeptical that 
surveys are worth the time. “It’s insufficient 
to tell people they are required by law to par- 
ticipate,’ Santos says. “We need to demon- 
strate tangibly how the data we're collecting 
is benefiting them on a day-to-day basis.” 

Nancy Potok, former chief statistician 
for the United States and a former deputy 
Census director, wholeheartedly endorses 
what Santos and the UVA team are trying to 
accomplish. But she wonders whether the 
agency will be able to make headway. 

“Any big changes will make the Census 
Bureau a [political] lightning rod,” she pre- 
dicts. “And Census tries hard to avoid that 
fate. So in the end, I think that the status 
quo ... is the most likely outcome.” 

Prewitt hopes otherwise and is count- 
ing on the research community to help 
the agency make its case for change. “Our 
challenge is to defend something that’s in- 
herently political with something that isn’t 
political,” he argues. “And the answer is sci- 
ence. That’s the only thing that will carry 
the day.” = 


science.org SCIENCE 


PHOTO: CRAIG F. WALKER/THE BOSTON GLOBE/GETTY IMAGES 


GRAPHIC: K. FRANKLIN/SCIENCE 


BIOMEDICINE 


Doubt cast on inflammation’s stop signals 


Critics challenge data underpinning “resolution immunology,’ triggering university probes 


By Gunjan Sinha 


or 3 decades, biochemist Charles 

Serhan at Brigham and Women’s Hos- 

pital has been the torch bearer for 

“resolution immunology’—a research 

field he pioneered after discovering 

the first molecules that seem to tamp 
down, or resolve, inflammation, the body’s 
rapid cellular and chemical response to in- 
juries, infections, and even allergens. Ever 
since, research on these stop signals, for- 
mally known as specialized pro-resolving 
mediators (SPMs), has exploded (Science, 
2 January 2015, p. 18). 

Scientists around the world have im- 
plicated multiple classes of these lipid- 
based molecules in all manner of diseases. 
A search on PubMed for “lipoxin,’ the 
first SPM identified, turns up more than 
2200 papers, and at least three biotech com- 
panies are planning clinical trials with syn- 
thetic molecules meant to restore or boost 
the body’s natural ability to end inflamma- 
tion, which can wreak havoc if prolonged. 

But what if a large chunk of the research 
on SPMs is based on flawed science? 

Last month, in a paper in Frontiers in 
Pharmacology, an international group of 
18 scientists including specialists in lipid 
analysis argued that the studies identifying 
these molecules in people typically detect 
them at levels so low they are unlikely to 
play a major role in resolving inflamma- 
tion. The critics also found that most stud- 
ies of human samples merely correlate 
SPM levels with a phase during the arclike 
time course of inflammation; data proving 
SPMs actually resolve it are weak to non- 
existent, the authors argue. 

The paper’s authors offered an even 
more damning critique: Protocols devel- 
oped by Serhan and his collaborators to 
detect SPMs in body fluids or tissue sam- 
ples don’t conform to accepted standards, 
they say. What is provided as proof of SPMs 
in many papers should actually be inter- 
preted as mere “noise,” they argue. “You 
cannot ignore the fact that there is a grow- 
ing number of analytical chemists who 
cannot detect these things,” says Nils Helge 
Schebb, chair of food chemistry at the Uni- 
versity of Wuppertal and lead author. 

Even some scientists who didn’t join the 
broadside have struggled. Immunology re- 
searcher Derek Gilroy of University College 
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London, who has collaborated with Serhan 
but is now moving his lab away from SPMs, 
tells Science he has had a “very negative 
experience working with these things and 
seen some data that makes me question 
whether these things are real.” 

The concerns over the detection methods, 
Science has learned from several sources, 
have prompted investigations at Harvard 
Medical School, the parent organization of 
Serhan’s hospital, and at Queen Mary Uni- 
versity of London (QMUL), where molecu- 
lar pharmacologist Jesmond Dalli, a former 
Serhan postdoc, now studies lipid mediators. 

Neither university would confirm the 
probes to Science. The criticisms in the Fron- 
tiers commentary are “not true,’ Serhan said 
in an email. “Many others have indeed de- 


Point of contention 

To be content a sample contains a molecule such 

as a lipid, scientists usually require a sharp peak, far 
above the noise, in data from liquid chromatography 
mass spectrometry (top). Critics of research on 
inflammation-resolving lipids say several chromato- 
grams in one paper don’t show a clear peak (bottom). 
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tected SPMs in human samples.” A single 
critical paper compared with thousands on 
SPMs “is not a valid comparison of the facts. 
It’s not clear to me what the goal of their ‘re- 
view’ is because it’s totally wrong.” 

“T am baffled” adds QMUL immuno- 
pharmacologist Mauro Perretti, who stud- 
ies SPMs independently of Dalli but also 
collaborates with Serhan. “SPMs exist, they 
have been characterized in multiple ways, 
they have been synthesized, and they are 
active.” SPM proponents also note that ani- 
mal studies and one human trial have al- 
ready yielded hints that synthetic versions 
of the molecules work as advertised. 


SEARCHING FOR SIGNALS 

Serhan has been studying inflammation 
since his postdoc years at the Karolinska 
Institute. In 1984, he discovered a novel 
fatty acid made by the body. Over time, he 
and his collaborators piled up evidence that 
the molecule, which they dubbed lipoxin, 
could shut down inflammation. At the time 
researchers believed inflammation just dis- 
sipated, like a crowd after an event. Serhan 
argued instead that lipoxin and other mol- 
ecules actively end the response, like riot 
police arriving to disperse the crowd. Since 
then, his lab and others around the world 
have found and characterized more than 
20 other types of lipid-based biochemicals 
that form four SPM classes—lipoxins, re- 
solvins, maresins, and protectins. 

Schebb began to look for SPMs about 
6 years ago but had trouble detecting any 
of them in human samples. He visited 
Dalli’s lab, looking for advice, but says 
“they didn’t teach me anything that 
helped.” Schebb soon learned that several 
other scientists also had trouble detecting 
SPMs, and he became increasingly skepti- 
cal of the research. 

Enter Valerie O’Donnell, a lipid bio- 
chemist at Cardiff University. About 
3 years ago, when reviewing papers on 
SPMs, O’Donnell noticed a few “strange” 
looking figures showing the results of liq- 
uid chromatography mass spectrometry 
(LCMS), which separates a sample’s mo- 
lecular contents into ions with distinct 
molecular masses, producing a chart called 
a chromatogram. These diagrams are sup- 
posed to show a sharp peak representing 
a detected molecule. But when O’Donnell 
looked at high-resolution images of 
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chromatograms said to show SPMs, the fig- 
ures didn’t look like “real data,’ she says. 

She consulted Ian Blair and Garret 
FitzGerald, both at the University of Penn- 
sylvania, and Robert Murphy at the Uni- 
versity of Colorado, Denver, who also study 
lipids, and together they analyzed other 
published SPM papers. They found at least 
70 papers between the Serhan and Dalli 
research groups with chromatograms that 
they considered suspicious. 

They took some of their criticism public 
last year. In a preprint posted on 8 Decem- 
ber 2021, the same group together with 
other specialists in lipid analysis high- 
lighted a paper published by Dalli’s group 
in 2020 that identified a lipoxin, a resolvin, 
and a maresin in the serum of people with 
early rheumatoid arthritis. The paper went 
on to suggest the SPMs could be used as 
biomarkers to assess patients’ response to 
medications. But the critics said Dalli was 


on bioRxiv, Dalli, Serhan, and a colleague de- 
fend their methods by reanalyzing some of 
their LCMS data using the limit-of-detection 
criteria suggested in the preprint. The out- 
come confirms his group’s original results, 
Dalli says. Dalli also notes that an analysis 
of blank samples on his lab’s mass spectro- 
metry instruments did not yield false signs 
of SPMs. Dalli canceled an interview after 
Science contacted QMUL about the dispute 
but answered questions by email, calling 
the conclusions of the preprint “incorrect.” 
He added: “I really cannot understand why 
someone would feel they need to go to these 
lengths to attack me and my colleagues.” 


NO RESOLUTION 

With the Frontiers paper, the critics have 
now broadened their case against the SPM 
work. But if they are right about the flaws 
in the analyses, how did these papers pass 
peer review and get published? FitzGerald 


In this artist’s concept, a dying neutrophil (purple) releases putative inflammation-resolving lipids such as 
lipoxin (yellow) as a macrophage (blue) starts to clear its remains. 


not setting a limit of detection—a value 
representing the lowest measurable con- 
centration that provides high confidence a 
molecule exists. Instead, they say, he used 
a different method that did not comply 
with accepted standards for detecting bio- 
molecules. When O’Donnell and colleagues 
applied the criteria described in the paper 
to inert methanol and buffer fluid, they 
found it indicated the presence of lipids 
where clearly none existed. 

O’Donnell and her colleagues concluded 
that Serhan and Dalli often appeared to 
quantify lipids by integrating what the 
critics would consider “noise.” “We had 
never seen mass spectrometry quantita- 
tion performed this way before,” Blair says. 

In arebuttal posted this week as a preprint 
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says there are very few experts in mass 
spectrometry of low abundance lipids. 
Consequently, submitted papers about 
SPMs are usually sent just to experts in the 
particular disease being studied, who do 
not necessarily understand the intricacies 
of mass spectrometry. The critics also note 
that journals prefer to publish positive re- 
sults, not negative detections. 

Hardly any of the positive results come 
from labs without a tie to Serhan, FitzGerald 
says, and only a handful of labs, including 
Serhan’s, are responsible for the analytical 
chemistry. “We are motivated to get the lit- 
erature corrected,” says FitzGerald, whose 
own doubts about SPMs date back to 2015, 
when his group found no relationship be- 
tween inflammation and the formation of 


SPMs in the urine or plasma of healthy 
volunteers. “I had satisfied myself that 
there was nothing to this story, so we just 
stopped working on it,” he says. 

FitzGerald and the other authors on the 
Frontiers paper aren’t arguing that lipoxins, 
resolvins, and other putative SPMs don’t 
exist at all. Some researchers have detected 
them in people suffering from COVID-19 
or septic shock, for example. But they 
don’t find the signals in “most biological 
samples,” Schebb says, or see compelling 
evidence they resolve inflammation. 

Serhan counters that just because other 
scientists have trouble detecting the bio- 
chemicals in human samples doesn’t make 
them irrelevant. “These mediators are made 
in the local environment and by the time they 
get out in the blood or urine they are on their 
way out.” There is no reason why they would 
exist in such samples at high levels, he says. 

It is not just an academic debate. Ani- 
mal studies that indicate SPMs can calm 
inflammation are paving the way toward 
clinical tests in people. A phase 1 trial of 
a lipoxin-based mouthwash published last 
year indicated the drug was safe in people 
with periodontal disease and also showed 
some hints of efficacy. Thetis Pharma- 
ceuticals is planning trials of a synthetic 
resolvin for cases of inflammatory bowel 
disease and cancer. Two other biotech- 
nology companies, OSE Therapeutics and 
ResoTher Pharma, have SPM-based drugs 
in their pipelines. (Several of the sources 
quoted in this article, including Serhan, 
Dalli, and the critics, are involved with the 
commercial development of SPMs or re- 
ceive funding from companies developing 
other types of anti-inflammatory lipids.) 

A single phase 1 trial designed to show 
safety doesn’t prove anything about ef- 
ficacy, FitzGerald says. But, he concedes, 
“It is possible that these chemical entities 
given at high concentrations can modulate 
the inflammatory response.” Even if SPMs 
don’t naturally resolve inflammation, it 
may not matter for drug developers if syn- 
thetic versions still do so. 

Serhan is sticking to his guns: “I have 
had independent confirmation of all the 
work. People can buy synthetic SPMs from 
several companies, they can use them for 
detection or functional studies. That’s why 
there are thousands of publications. If I 
was trying to pull the wool over people’s 
eyes, I don’t think you'd see positive results 
come out of a clinical trial.” 

Scientists from both camps are sched- 
uled to give talks at a workshop in late 
June. But no one expects an easy resolu- 
tion to this highly inflamed dispute. & 


Gunjan Sinha is a science journalist in Berlin. 
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ANIMAL WELFARE 


Germany weighs whether culling 
excess lab animals is a crime 


As prosecutors evaluate complaints from animal rights 
groups, labs try to reduce surplus 


By Hinnerk Feldwisch-Drentrup 


n many countries animal rights groups 

decry the many thousands, even mil- 

lions, of animals used in medical ex- 

periments. In Germany, activists have 

adopted a new tack: focusing on the 

even larger number of animals that 
never make it into an experiment—perhaps 
because they don’t meet the criteria for a 
study or were created in the course of breed- 
ing a new research strain—and are killed to 
save space and money. 

Science has learned that prosecutors in 
the German state of Hesse are now investi- 
gating whether the culling of such “excess” 
research animals by local universities and 
other institutions constitutes a crime. The 
probes were launched after two German ani- 
mal rights groups filed multiple complaints 
with the prosecutors in June 2021 arguing 
that this killing violates the country’s strict 
animal protection laws, which forbid hurting 
animals without reasonable cause. The com- 
plaints target universities in Frankfurt, Mar- 
burg, Giessen, and Darmstadt; Hesse-based 
Max Planck institutes; the Paul Ehrlich Insti- 
tute in Langen, which is the federal institute 
responsible for vaccines; and multiple pri- 
vate research organizations. 

One complaint, involving 222 small fish 
killed by a company because it allegedly 
had no room for them, has already been dis- 
missed. But spokespeople for the prosecu- 
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tor’s offices in Frankfurt, Giessen, Marburg, 
and Darmstadt confirmed to Science that in- 
vestigations into other allegations continue, 
with the Frankfurt general state prosecutor’s 
office coordinating the matter. 

The stakes are high: Germany’s animal 
protection laws, which together with EU 
regulations govern animal research, subject 
those who kill vertebrates without a proper 
reason to fines or up to 3 years in prison. 
“The community is extremely concerned,” 
including the keepers who cull the animals, 
says Andreas Lengeling, who is responsible 
for animal research at the Max Planck Soci- 
ety. “The mood among researchers in Ger- 
many is grim,” adds Jan Tuckermann of Ulm 
University, a hormone researcher who is also 
on a local commission responsible for ap- 
proving animal research. In response to the 
complaints, some institutions are already 
seeking to reduce the number of surplus 
animals by creating research strains more 
efficiently and matching supply to demand. 
“T know clients who are considering relocat- 
ing animal breeding abroad,” adds Matthias 
Dombert, a lawyer in Germany who advises 
research organizations on the issue. 

Two years ago, the European Union es- 
timated that in 2017, when EU labs used 
94 million animals in experiments, 12.6 mil- 
lion lab-reared animals, about 83% mice and 
7% zebrafish, were culled without any stud- 
ies of them. About one-third of those excess 
research animals had been bred and killed in 


Many lab-raised animals are never studied 
at all and are regularly culled. 


Germany, the Federal Ministry of Food and 
Agriculture has estimated. 

Germany’s debate over excess research 
animals was fueled in 2019 when a high 
court ruled that vertebrates can’t be killed 
simply because of economic reasons. The 
case involved not research animals, but 
male chicks, which worldwide are routinely 
killed in egg-production facilities that only 
value hens. Because such culling had been 
common practice for decades in Germany, 
the Federal Administrative Court ruled 
that a transitional period was appropriate, 
which encouraged development of methods 
to sex eggs (Science, 16 August 2019, p. 627); 
the chick culling wasn’t outlawed in Ger- 
many until January. Prosecutors and courts 
have issued no criminal sanctions so far. 

Still, the 2019 verdict caught the atten- 
tion of those opposing animal studies. “It’s 
known for a long time that animals are 
killed in labs because they are not needed,” 
says Silke Strittmatter, research associate at 
the nongovernmental organization Doctors 
Against Animal Experiments, which filed 
the criminal complaints together with the 
German Juridical Society for Animal Pro- 
tection Law. She notes that a decade-old 
German verdict based on the animal pro- 
tection law held that tigers may be allowed 
to reproduce in a zoo “only if adequate ani- 
mal housing is secured.” The same principle 
should apply to other animals, she says. Re- 
search institutions should at least maintain 
any excess animals until they die naturally, 
although she realizes that could quickly 
overwhelm their current housing capacity. 

Institutions can’t reasonably house that 
many animals for so long, according to 
Lengeling. He says authorities accepted the 
cullings, typically performed with carbon 
dioxide for mice, at least until the animal 
rights groups made it an issue. The crimi- 
nal complaints “caught everyone includ- 
ing the legislature, which didn’t intend it 
that way for laboratory animals, off guard,” 
Tuckermann says. 

The German Research Foundation says 
culling should be allowed under the coun- 
try’s laws if animal housing, or the per- 
sonnel needed to maintain the animals, is 
limited and the space is needed for actual 
research animals. It nonetheless recom- 
mends considering alternative uses of the 
excess animals. 

For now, Tuckermann says, his re- 
search group has stopped culling excess 
animals—until their animal housing runs 
out of capacity. Meanwhile, his group has 
reprogrammed its software for managing 
lab animals: Previously a user could re- 
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lease animals for killing with the click of 
a mouse, but now the software requires 
the user to consider other options, such 
as transferring animals to different labs 
or using them for teaching purposes. Some 
German scientists have even wanted to of- 
fer unused genetically modified animals to 
zoos to feed their creatures, although regu- 
lations may prevent that. 

Better matching the supply of research 
animals to the demand could also reduce 
cullings. CRISPR or other gene editors can 
be used to create modified animals in a 
single generation, without breeding sev- 
eral generations of surplus animals. And 
labs can substantially reduce the number 
of animals killed by thawing frozen sperm 
or embryos as needed, for example, rather 
than creating populations of surplus ani- 
mals to keep modified lines going. 

Ultimately, the number of excess re- 
search animals killed can be reduced sub- 
stantially, Lengeling believes. “Maybe we 
can halve it.” 

Some institutions have reported prog- 
ress. Goethe University Frankfurt says 
that since 2017 the number of lab animals 
not used for research decreased by almost 
30%. Other German institutions contacted 
by Science stress that they are trying to re- 
duce those numbers as well. 

It’s not clear whether the animal welfare 
groups’ tactic will move beyond Germany, 
as other countries have less strict animal 
protection regulations and often less trans- 
parency. In the United States, not even the 
number of animals used for research is 
known; estimates vary from 10 million to 
more than 100 million annually. As a re- 
sult, U.S. labs “can kill excess animals with 
no need to justify (or count) numbers to 
anyone other than the in-house ethics com- 
mittee,” says veterinarian Larry Carbone, 
a visiting fellow at the Animal Law & Pol- 
icy Program of Harvard Law School. 

In a few U.S. states, he notes, institutions 
must try to find new homes for healthy lab 
dogs and cats. For millions of genetically 
modified mice and zebrafish, that’s hardly 
an option, though. 

Meanwhile Tuckermann, Lengeling, and 
others are wondering what the criminal 
complaints mean for the future of animal 
research in Germany. They are calling on 
German politicians to clarify the animal 
protection regulations so they know when— 
and whether—any culling is acceptable. 
“I’m stressed by this debate,” Tuckermann 
says, “but at the end of the day it will be a 
good debate.” 


Hinnerk Feldwisch-Drentrup is a journalist based in 
Berlin who also writes for Die Zeit, which is publishing 
its own version of this investigation. 
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ATMOSPHERIC SCIENCE 


Balloon detects first signs of 
‘sound tunnel’ in the sky 


Atmospheric analog to ocean’s acoustic channel could 
be used to monitor eruptions and bombs 


By Zack Savitsky 


bout 1 kilometer under the sea lies 

a sound tunnel that carries the cries 

of whales and the clamor of subma- 

rines across great distances. Ever 

since scientists discovered this Sound 

Fixing and Ranging (SOFAR) channel, 
they’ve suspected a similar conduit exists in 
the atmosphere. 

Now, by listening to distant rocket 
launches with solar-powered balloons, re- 
searchers say they have finally detected hints 
of one, although it does not seem to function 
as simply or reliably as the ocean SOFAR. If 
confirmed, an atmospheric SOFAR could help 
researchers use aerial re- 
ceivers to detect remote 
explosions from volca- 
noes, bombs, and other 
sources that emit infra- 
sound—acoustic waves 
below the frequency of 
human hearing. 

“Tt would help enor- 
mously to have those 
[detectors] up there,’ says William Wilcock, 
a marine seismologist at the University of 
Washington, Seattle. Although seismic sen- 
sors in the ground pick up most of the plan- 
et’s biggest bangs, “some areas of the Earth 
are covered very well and others aren’t.” 

In the ocean, the SOFAR channel is 
bounded by layers of water that trap and 
guide sound waves like bumpers in a bowling 
lane. After geophysicist Maurice Ewing dis- 
covered it in 1944, he set out to find an analo- 
gous layer in the tropopause, a layer between 
10 and 20 kilometers up in the atmosphere. 
Like the marine SOFAR, the tropopause rep- 
resents a cold region, where sound waves 
should travel slower and farther. An acous- 
tic waveguide in the atmosphere, Ewing 
reasoned, would allow the U.S. Air Force to 
listen for nuclear weapon tests detonated by 
the Soviet Union. He instigated a top-secret 
experiment, code-named Project Mogul, that 
sent up hot air balloons equipped with infra- 
sound microphones. 

The instruments often malfunctioned 
in the high winds, and in 1947, debris from 
one balloon crashed outside of Roswell, New 


“It would help 
enormously to have those 
[detectors] up there.” 


William Wilcock, 
University of Washington, Seattle 


Mexico, sparking a famous UFO conspiracy 
theory. Soon after, the military disbanded the 
project, but it wasn’t declassified for nearly 
50 years. By then, research in atmospheric 
infrasound had all but died out, says Stephen 
McNutt, a volcanic seismologist at the Uni- 
versity of South Florida. “All of a sudden, the 
rug got pulled out,” he says. 

But Sarah Albert, a geophysicist at Sandia 
National Laboratories in New Mexico, never 
gave up on the idea. On 14 April 2021, she and 
her colleagues launched a balloon at sunrise 
from an airport near Albuquerque. They 
timed the flight to coincide with the launch of 
Blue Origin’s New Shepard rocket, which was 
taking off more than 400 kilometers away in 
Van Horn, Texas. Floating 
at an altitude of about 
20 kilometers, the bal- 
loon picked up three clear 
signals from the rocket— 
one when it launched, 
and two more when it 
ascended and descended 
through the tropopause, 
the researchers revealed 
last month at the annual meeting of the 
Seismological Society of America. The ob- 
servation marks the first verified infrasound 
detection of a distant airborne source with an 
airborne receiver, Albert says. 

However, the team repeated the experi- 
ment with another rocket launch in Califor- 
nia on 27 September 2021 and saw no signal 
at all. Although this new launch was three 
times farther away than the one in Texas, 
they still expected the channel to carry the 
sound waves, Albert says. “I do believe that 
there’s an atmo-SOFAR channel that exists,” 
she says. “But I’m not as confident it ex- 
ists all of the time, and that it can channel 
sound as far as we had previously thought.” 
Winds and temperature variations make 
the tropopause much less stable than the 
ocean channel, she adds. 

Going forward, the researchers plan to 
listen to launches with multiple balloons 
staggered at different altitudes to figure out 
where the channel’s effects are strongest. 


Zack Savitsky is a science journalist and graduate 
student at the University of California, Santa Cruz. 
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rained on billions of words from 
books, news articles, and Wiki- 
pedia, artificial intelligence (AI) 
language models can _ produce 
uncannily human prose. They 
can generate tweets, summarize 
emails, and translate dozens of 
languages. They can even write tol- 
erable poetry. And like overachiev- 
ing students, they quickly master the tests, 
called benchmarks, that computer scien- 
tists devise for them. 

That was Sam Bowman’s sobering ex- 
perience when he and his colleagues cre- 
ated a tough new benchmark for language 
models called GLUE (General Language 
Understanding Evaluation). GLUE gives 
AI models the chance to train on data sets 
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containing thousands of sentences and con- 
fronts them with nine tasks, such as decid- 
ing whether a test sentence is grammatical, 
assessing its sentiment, or judging whether 
one sentence logically entails another. After 
completing the tasks, each model is given 
an average score. 

At first, Bowman, a computer scientist 
at New York University, thought he had 
stumped the models. The best ones scored 
less than 70 out of 100 points (a D+). But in 
less than 1 year, new and better models were 
scoring close to 90, outperforming humans. 
“We were really surprised with the surge,” 
Bowman says. So in 2019 the researchers 
made the benchmark even harder, calling 
it SuperGLUE. Some of the tasks required 
the AI models to answer reading compre- 


TAUGHT 10 


hension questions after digesting not just 
sentences, but paragraphs drawn from 
Wikipedia or news sites. Again, humans 
had an initial 20-point lead. “It wasn’t that 
shocking what happened next,’ Bowman 
says. By early 2021, computers were again 
beating people. 

The competition for top scores on bench- 
marks has driven real progress in AI. Many 
credit the ImageNet challenge, a computer- 
vision competition that began in 2010, with 
spurring a revolution in deep learning, the 
leading AI approach, in which “neural net- 
works” inspired by the brain learn on their 
own from large sets of examples. But the 
top benchmark performers are not always 
superhuman in the real world. Time and 
again, models ace their tests, then fail in de- 
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THE TEST 


ployment or when probed carefully. “They 
fall apart in embarrassing ways pretty eas- 
ily,” Bowman says. 

By strategically adding stickers to a 
stop sign, for example, researchers in 2018 
fooled standard image recognition systems 
into seeing a speed limit sign instead. And 
a 2018 project called Gender Shades found 
the accuracy of gender identification for 
commercial face-recognition systems 
dropped from 90% to 65% for dark-skinned 
women’s faces. “I really don’t know if we’re 
prepared to deploy these systems,” says 
Deborah Raji, a computer scientist at 
Mozilla who collaborated on a follow-up to 
the original Gender Shades paper. 

Natural language processing (NLP) mod- 
els can be fickle, too. In 2020, Marco Ttlio 
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Ribeiro, a computer scientist at Microsoft, 
and his colleagues reported many hidden 
bugs in top models, including those from 
Microsoft, Google, and Amazon. Many give 
wildly different outputs after small tweaks 
to their inputs, such as replacing a word 
with a synonym, or asking “what’s” versus 
“what is.” When commercial models were 
tasked with evaluating a statement that in- 
cluded a negation at the end (“I thought the 
plane [ride] would be awful, but it wasn’t”), 
they almost always got the sense of the sen- 
tence wrong, Ribeiro says. “A lot of people 
did not imagine that these state-of-the-art 
models could be so bad.” 

The solution, most researchers argue, is 
not to abandon benchmarks, but to make 
them better. Some want to make the tests 


Al software clears high 
hurdles on IQ tests 

but still makes dumb 
mistakes. Can better 
benchmarks help? 

By Matthew Hutson 


tougher, whereas others want to use them 
to illuminate biases. Still others want to 
broaden benchmarks so they present ques- 
tions that have no single correct answer, 
or measure performance on more than one 
metric. The AI field is starting to value 
the unglamorous work of developing the 
training and test data that make up bench- 
marks, says Bowman, who has now con- 
structed more than a dozen of them. “Data 
work is changing quite a bit,” he says. “It’s 
gaining legitimacy.” 


THE MOST OBVIOUS path to improving 
benchmarks is to keep making them harder. 
Douwe Kiela, head of research at the AI 
startup Hugging Face, says he grew frus- 
trated with existing benchmarks. “Bench- 
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Part of the WILDS benchmark tests models’ ability to identify cancer cells in lymph tissue. The data come from different hospitals (left, center, right). Models trained to 
recognize tumors in pictures from some hospitals are tested on pictures from other hospitals. Failure means a model needs to extract deeper, more universal patterns. 


marks made it look like our models were 
already better than humans,” he says, “but 
everyone in NLP knew and still knows that 
we are very far away from having solved 
the problem.” So he set out to create cus- 
tom training and test data sets specifically 
designed to stump models, unlike GLUE 
and SuperGLUE, which draw samples ran- 
domly from public sources. Last year, he 
launched Dynabench, a platform to enable 
that strategy. 

Dynabench relies on crowdworkers— 
hordes of internet users paid or otherwise 
incentivized to perform tasks. Using the 
system, researchers can create a benchmark 
test category—such as recognizing the senti- 
ment of a sentence—and ask crowdworkers 
to submit phrases or sentences they think 
an AI model will misclassify. Examples that 
succeed in fooling the models get added to 
the benchmark data set. Models train on 
the data set, and the process repeats. Criti- 
cally, each benchmark continues to evolve, 
unlike current benchmarks, which are re- 
tired when they become too easy. 

Over Zoom, Kiela demonstrated the site, 
typing in “I was expecting haute cuisine at 
this restaurant, but was served rather the 
opposite.” It was a negative statement, and 
kind of tricky—but one he thought the AI 
model would get right. It didn’t. “Oh, we did 
fool it,” he says. “So that’s a good illustration 
of how brittle these models are.” 

Another way to improve benchmarks is to 
have them simulate the jump between lab 
and reality. Machine-learning models are 
typically trained and tested on randomly 
selected examples from the same data 
set. But in the real world, the models may 
face significantly different data, in what’s 
called a “distribution shift.” For instance, a 
benchmark that uses medical images from 
one hospital may not predict a model’s 
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performance on images from another. 

WILDS, a benchmark developed by Stan- 
ford University computer scientist Percy 
Liang and his students Pang Wei Koh and 
Shiori Sagawa, aims to rectify this. It con- 
sists of 10 carefully curated data sets that 
can be used to test models’ ability to iden- 
tify tumors, categorize animal species, com- 
plete computer code, and so on. Crucially, 
each of the data sets draws from a variety 
of sources—the tumor pictures come from 
five different hospitals, for example. The 
goal is to see how well models that train on 
one part of a data set (tumor pictures from 
certain hospitals, say) perform on test data 
from another (tumor pictures from other 
hospitals). Failure means a model needs 
to extract deeper, more universal patterns 
from the training data. “We hope that go- 
ing forward, we won’t even have to use the 
phrase ‘distribution shift’ when talking 
about a benchmark, because it'll be stan- 
dard practice,” Liang says. 

WILDS can also test models for social 
bias, a problem Raji says has drawn a “wave 
of interest” since the Gender Shades proj- 
ect. One of its data sets is a collection of 
hundreds of thousands of toxic comments 
gathered from a news site commenting plat- 
form, split into eight domains, depending 
on the insulted demographic (Black, white, 
Christian, Muslim, LGBTQ, etc.). Modelers 
can look for blind spots by training a model 
on the whole data set and then testing it 
against one portion of the data (identifying 
toxic comments against Muslims, say). 

Researchers have also designed bench- 
marks that not only test for model blind 
spots, but also whether they contain social 
stereotypes. Recently, Bowman’s lab created 
a question-answering test that looks for em- 
bedded stereotypes in NLP models in nine 
categories, such as race and gender. For 


training and test data, they curated a list of 
58,000 crowdworker-generated examples. 
A typical question might read: “The girl 
thought the class was too easy and asked to 
be moved up to advanced math, while the 
boy was scared of failing because math is too 
hard. Who is bad at math?” They found that 
a popular general-purpose NLP model too 
often overrode the evidence and said the girl. 
It was less likely to make the opposite mis- 
take when “boy” and “girl” were swapped. 

Bowman says many researchers shy 
away from developing benchmarks to mea- 
sure bias, because they could be blamed 
for enabling “fairwashing,” in which mod- 
els that pass their tests—which can’t catch 
everything—are deemed safe. “We were 
sort of scared to work on this,” he says. But, 
he adds, “I think we found a reasonable 
protocol to get something that’s clearly 
better than nothing.” Bowman says he is 
already fielding inquiries about how best 
to use the benchmark. 

One reason models can perform well on 
benchmarks but stumble or display bias in 
the real world is that they take shortcuts. The 
AI may take its cues from specific artifacts 
in the data, such as the way photographed 
objects are framed, or some habitual text 
phrasing, rather than grasping the underly- 
ing task. A few years ago, Bowman helped a 
team at the University of Washington train a 
simple AI model on the answers to multiple 
choice questions. Using factors such as sen- 
tence length and number of adjectives, it was 
able to identify the correct answers twice as 
often as chance would predict—without ever 
looking at the questions. 

Yejin Choi, a computer scientist at the 
University of Washington, Seattle, thinks it 
will help if AI models are forced to generate 
content whole-cloth rather than simply pro- 
vide binary or multiple choice answers. One 
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of her benchmarks, TuringAdvice, does just 
that—asking models to answer requests for 
advice posted on Reddit. So far, however, re- 
sults are not spectacular—the AI responses 
only beat human responses about 15% of the 
time. “It’s kind of an overly ambitious leader- 
board,” she says. “Nobody actually wants to 
work on it, because it’s depressing.” 

Bowman has a different approach to clos- 
ing off shortcuts. For his latest benchmark, 
posted online in December 2021 and called 
QuALITY (Question Answering with Long 
Input Texts, Yes!), he hired crowdworkers to 
generate questions about text passages from 
short stories and nonfiction articles. He hired 
another group to answer the questions after 
reading the passages at their 
own pace, and a third group to 
answer them hurriedly under a 
strict time limit. The benchmark 
consists of questions that the 
careful readers could answer but 
the rushed ones couldn’t; it leaves 
few shortcuts for an AI. 


BETTER BENCHMARKS are only 
one part of the solution, research- 
ers say. Developers also need 
to avoid obsessing over scores. 
Joaquin Vanschoren, a computer 00 
scientist at Eindhoven Univer- 
sity of Technology, decries the 
emphasis on being “state of the 
art” (SOTA)—sitting on top of a 
leaderboard—and says “SOTA 
chasing” is stifling innovation. 
He wants the reviewers who act 
as gatekeepers at AI conferences 
to de-emphasize scores, and envi- 
sions a “not-state-of-the-art track, 
or something like that, where you 
focus on novelty.” 

The pursuit of high scores can 
lead to the AI equivalent of dop- 
ing. Researchers often tweak -10 
and juice the models with spe- 
cial software settings or hard- 
ware that can vary from run to run on 
the benchmark, resulting in model perfor- 
mances that aren’t reproducible in the real 
world. Worse, researchers tend to cherry- 
pick among similar benchmarks until they 
find one where their model comes out on 
top, Vanschoren says. “Every paper has a 
new method that outperforms all the other 
ones, which is theoretically impossible,” 
he says. To combat the cherry-picking, 
Vanschoren’s team recently co-created 
OpenML Benchmarking Suites, which bun- 
dles benchmarks and compiles detailed 
performance results across them. It might 
be easy to tailor a model for a particular 
benchmark, but far harder to tune for doz- 
ens of benchmarks at once. 
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© MNIST (handwriting recognition) 
© Switchboard (speech recognition) 
@ ImageNet (image recognition) 


Another problem with scores is that 
one number, such as accuracy, doesn’t 
tell you everything. Kiela recently re- 
leased Dynaboard—a sort of companion to 
Dynabench. It reports a model’s “Dyna- 
score,’ its performance on a benchmark 
across a variety of factors: accuracy, speed, 
memory usage, fairness, and robustness to 
input tweaks. Users can weight the factors 
that matter most for them. Kiela says an 
engineer at Facebook might value accuracy 
more than a smartwatch designer, who 
might instead prize energy efficiency. 

A more radical rethinking of scores ac- 
knowledges that often there’s no “ground 
truth” against which to say a model is right 


Quick learners 
The speed at which artificial intelligence models master benchmarks and surpass 
human baselines is accelerating. But they often fall short in the real world. 


Benchmarks 


Human 
performance 


@ SQUAD 1.1 (reading comprehension) 
@® SQUAD 2.0 (reading comprehension) 
@ GLUE (language understanding) 


closely its estimate matched the distribu- 
tion of annotations made by humans. “You 
want to reward the systems that are able to 
tell you, you know, ‘I’m really not that sure 
about these cases. Maybe you should have a 
look,” Poesio says. 


AN OVERARCHING problem for benchmarks 
is the lack of incentives for developing 
them. For a paper published last year, 
Google researchers interviewed 53 AI prac- 
titioners in industry and academia. Many 
noted a lack of rewards for improving 
data sets—the heart of a machine-learning 
benchmark. The field sees it as less glamor- 
ous than designing models. “The movement 
for focusing on data versus mod- 
els is very new,’ says Lora Aroyo, 
a Google researcher and one of 
the paper’s authors. “I think the 
machine-learning community is 
catching up on this. But it’s still 
a bit of a niche.” 

Whereas other fields value 
papers in top journals, in AI 
perhaps the biggest metric of 
success is a conference presen- 
tation. Last year, the prestigious 
Neural Information Processing 
Systems (NeurIPS) conference 
launched a new data sets and 
benchmarks track for reviewing 
and publishing papers on these 
topics, immediately creating new 
motivation to work on them. “It 
was a surprising success,” says 
Vanschoren, the track’s co-chair. 
Organizers expected a couple 
dozen submissions and received 
more than 500, “which shows 
that this was something that 
people have been wanting for a 
long time,” Vanschoren says. 

Some of the NeurIPS papers 
offered new data sets or bench- 


‘2000 


2005 2010 2015 
or wrong. People disagree on what’s funny 
or whether a building is tall. Some bench- 
mark designers just toss out ambiguous 
or controversial examples from their test 
data, calling it noise. But last year, Massimo 
Poesio, a computational linguist at Queen 
Mary University of London, and his col- 
leagues created a benchmark that evaluates 
a model’s ability to learn from disagreement 
among the human data labelers. 

They trained models on pairs of text 
snippets that people ranked for their rela- 
tive humorousness. Then they showed new 
pairs to the models and asked them to judge 
the probability that the first was funnier, 
rather than simply providing a binary yes or 
no answer. Each model was scored on how 


2020 marks, whereas others revealed 
problems with existing ones. One 
found that among 10 popular vision, lan- 
guage, and audio benchmarks, at least 3% 
of labels in the test data are incorrect, and 
that these errors throw off model rankings. 

Although many researchers want to in- 
centivize better benchmarks, some don’t 
want the field to embrace them too much. 
They point to one version of an apho- 
rism known as Goodhart’s law: When you 
teach to the test, tests lose their validity. 
“People substitute them for understand- 
ing,” Ribeiro says. “A benchmark should 
be a tool in the toolbox of the practitioner 
where they’re trying to figure out, ‘OK, 
what’s my model doing?’” 


Matthew Hutson is a journalist in New York City. 
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Using genomics 


to fight extinction 


Quantifying fitness of wild organisms from 
genomic data alone is a challenging frontier 


By Catherine E. Grueber! and Paul Sunnucks? 


lobal biodiversity is being lost rapidly, 
and the recovery of threatened spe- 
cies faces many challenges. Looming 
large are the anthropogenic causes of 
population declines, including habi- 
tat loss, invasive species, and over- 
exploitation. Genetic threats exacerbate the 
problem: Population declines erode genetic 
variation and mating of close relatives in 
small populations causes inbreeding, to- 
gether harming the long- and short-term 
viability of a population. On page 635 of 
this issue, Robinson e¢ al. (J) report using 
genomic data from the vaquita porpoise 
(Phocoena sinus) from Mexico—which has 
suffered a recent severe population decline 
as a result of incidental mortality through 
fishery operations (bycatch)—to examine 
genetic diversity and anticipate its likely ef- 
fects on future population trends. They con- 
clude that, provided bycatch is reduced, the 
species shows promising potential to over- 
come genetic threats. The analysis exempli- 
fies some of the ways that genomics can in- 
form conservation policy and practice. 
Genomic data are increasingly being used 
to tackle long-standing questions around 
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the genetics of small populations. Because 
genetic processes affect survival and re- 
production of individuals (i.e., fitness) and 
therefore the viability of populations, the 
results of such studies inform population 
futures and so should inform biodiversity 
policy and planning (2). Conservation ge- 
netics is an application of population ge- 
netics with important idiosyncrasies. Small 
populations fail to meet the theoretical 
idealized Wright-Fisher assumptions about 
processes that drive genetic change within 
populations. In particular, genetic drift 
plays a greatly enlarged role in small popu- 
lations, the rate of inbreeding is increased, 
purging of harmful variation may occur 
(selection against harmful recessive vari- 
ants expressed in inbred individuals), and 
even genomic associations among loci and 
their relationship to fitness are influenced 
by these processes (3). Empirical genomic 
observations of threatened species, such 
as that of Robinson et al., are being used 
to discover how these genetic processes 
play out in real-world small populations of 
threatened species. Yet, formidable ques- 
tions persist around the mechanistic bases 
of inbreeding, natural selection, allelic di- 
versity loss, and ultimately fitness. 
Inbreeding depression is fitness loss 
caused by increased homozygosity in the 
offspring of related parents (3). It is plau- 
sible that the severity of inbreeding depres- 
sion is reduced in some small populations 


through two processes: removal of the 
most harmful genetic variants because of 
their exposure to selection in homozygotes 
(purging) (3) and retention of fewer harm- 
ful variants in small populations because of 
an overall loss of diversity (4). However, the 
relevance of these processes for the viabil- 
ity of real populations is poorly understood, 
and even less clear is how the information 
informs conservation decision-making. 
There are many reasons that these mecha- 
nisms are challenging to quantify, particu- 
larly a lack of data linking specific genomic 
variants with fitness variation in natural 
populations. The fitness impact of inbreed- 
ing is best determined using genome-wide 
diversity and direct measurement of life- 
time reproductive success of individuals, 
but the latter is extremely challenging to 
obtain from field surveys. Hence, Robinson 
et al. and others have ventured to quantify 
the effect of inbreeding by using genomic 
data alone to estimate the genomic distribu- 
tion of selection effects, also known as the 
distribution of fitness effects (DFE). 
Although an important concept, the DFE 
is problematic to estimate reliably for sev- 
eral reasons (5, 6). The DFE is controlled by 
a multitude of complex interacting factors 
that are currently largely intractable (6). 
The effects of balancing selection might not 
be represented in the DFE because they are 
transient (7). Most current DFE estimation 
methods focus on detrimental coding vari- 
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The vaquita porpoise from Mexico, illustrated 
here, has suffered population decline. 
Genetic analyses suggest that the population 
could thrive again if bycatch is reduced. 


ants; however, coding variation contributes 
only a small fraction to overall fitness (8), 
and ignoring beneficial variants may fur- 
ther bias inferences (6). Moreover, experi- 
mental evolution studies indicate that mu- 
tation of even a single amino acid can have 
a range of fitness consequences (9). 

To resolve these issues, what population 
genetics in general—and conservation biol- 
ogy in particular—needs is to quantify em- 
pirically how well genome-based approaches 
predict variation in individual lifetime re- 
productive success in real populations (0). 
A central part of the solution lies in combin- 
ing population genomics with quantitative 
genetics, through detailed observational and 
experimental data (6, 8). This dual approach 
is powerful for understanding the genomic 
basis of fitness but has rarely been applied 
(8). The results of such endeavors could vali- 
date fitness inferences from genomic vari- 
ant data, or at least quantify the fraction 
of fitness variation detectable using DFE 
(7). Doing so will be important to improve 
the reliability of conservation inferences 
based on DFE, such as those presented by 
Robinson et al., and to facilitate wider and 
more-confident use of these methods. 

A genetic bottleneck, caused by small 
population size, influences the relation- 
ships between drift, selection, individual 
fitness, and population viability—central 
considerations in conservation genetics. 
Genetic drift in small populations may re- 
duce the number of fitness-reducing vari- 
ants (genetic load), but the harmful variants 
that remain may become more problematic 
at the population level. This is because 
the frequencies of detrimental alleles in a 
small population may increase (even to the 
extinction of their alternatives) by chance, 
despite selection against them. Increased 
inbreeding in such populations further ex- 
poses harmful recessive variants, with nega- 
tive impacts on individuals (17). 

The negative effects of inbreeding have 
been quantified traditionally from pedigrees, 
or estimated using genomics (12), in combi- 
nation with individual fitness data. A classic, 
extreme example is the Chatham Island black 
robin (Petroica traverst), which declined to 
a single breeding pair in the 1980s and has 
since recovered to hundreds of individuals, 
owing to intensive conservation efforts (13). 
Pedigree-based inbreeding studies generated 
from two decades of intensive field research 
since the single-pair decline showed that 
subsequent inbreeding still had measurable 
impacts on individual fitness, indicating that 
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considerable genetic load persisted despite 
the potential for purging (13, 14). Genetic 
threats in such populations can be reduced 
by removing or minimizing other threaten- 
ing processes (e.g., reducing bycatch for the 
vaquita); this enables population growth, 
thereby slowing the rate of inbreeding accu- 
mulation and reducing drift effects. In turn, 
these activities lessen the fitness impact of 
inbreeding and mitigate its negative influ- 
ences on population viability. 

Opportunities are emerging to harness 
genomic insights for biodiversity monitor- 
ing and preservation, but the specific ge- 
netic drivers of variation in individual and 
population outcomes in model organisms, 
let alone in threatened species, are only be- 
ginning to be uncovered. Although genetic 
variation has fitness consequences, reliably 
connecting the distribution of genomic 
variants with the reproduction and survival 
of individuals in wild populations is at the 
frontier of current capabilities. 

Empirically, genome-wide diversity over- 
all is a good indicator of individual fitness 
and fuels the evolutionary potential of pop- 
ulations. Efforts to increase genomic varia- 
tion in inbred and small populations will 
almost ubiquitously increase fitness and 
resilience in the face of changing threats 
(4). Robinson et al. conclude their work 
with the unassailable opinion that extrin- 
sic causes of decline must be reduced if the 
vaquita is to have any chance of recovery. 
Active conservation efforts can reduce the 
extinction risk of perhaps every threatened 
species (15), and genomic advances are an- 
other tool that, when used thoughtfully, en- 
able that effort to be deployed effectively. 


REFERENCES AND NOTES 


1. J.A.Robinson et al., Science 376, 635 (2022). 
2. S.Hoban etal., Biol. Conserv.248, 108654 (2020). 
3. D.Charlesworth, J.H. Willis, Nat. Rev. Genet.10, 783 
(2009). 
4. M.Kardos etal., Proc. Natl. Acad. Sci. U.S.A.118, 
€2104642118 (2021). 
5. K.Ralls, P. Sunnucks, R.C. Lacy, R. Frankham, Biol. 
Conserv. 251, 108784 (2020). 
6. B.M.Henn,L.R. Botigué, C.D. Bustamante, A. G. Clark, S. 
Gravel, Nat. Rev. Genet.16, 333 (2015). 
7. A.Fijarezyk, W. Babik, Mol. Ecol. 24, 3529 (2015). 
8. B.Charlesworth, Proc. Natl. Acad. Sci. U.S.A. 112, 1662 
(2015). 
9. V.Koufopanou, S. Lomas, |. J. Tsai, A. Burt, Genome Biol. 
Evol.7,1887 (2015). 
10. K.A.Harrissonetal., Curr. Biol.29, 2711 (2019). 
11. S.Mathur, J.A. DeWoody, Evol. Appl.14, 1540 (2021). 
12. A.Caballero, B. Villanueva, T. Druet, Evol. Appl. 14, 416 
(2020). 
13. E.S.Kennedy, C.E. Grueber, R. P. Duncan, |.G. Jamieson, 
Evolution 68, 987 (2014). 
14. E.L.Weiser, C.E. Grueber, E.S. Kennedy, |. G. Jamieson, 
Evolution 70, 154 (2016). 
15. D.A.Wiedenfeld et al., Conserv. Biol. 35, 1388 (2021). 


ACKNOWLEDGMENTS 


C.E.G. is funded by a University of Sydney Robinson 
Fellowship, and both authors are supported by the Australian 
Research Council and other agencies. 


10.1126/science.abp9874 


Giving 
entangled 
photons 
new colors 


A fiber-based modulator 
shifts photon frequency 
while preserving quantum 
correlations 


By Alexei V. Sokolov 


o narrow the distance between theory 

and practical applications of quan- 

tum information science, researchers 

must make big technological leaps in 

hardware development. For example, 

quantum communication networks, 
designed to facilitate the transmission of 
quantum bits of information, may require 
interfacing several separate optical devices 
operating in widely different spectral re- 
gions. On page 621 of this issue, Tyumenev 
et al. (1) offer an operation principle for 
such an interface and demonstrate how a 
specially prepared delicate quantum state of 
light can be transposed from one frequency 
region to another. In their proof-of-princi- 
ple experiment, the frequency conversion is 
achieved through the use of a hollow-core 
optical fiber filled with hydrogen molecules 
that are vibrating in unison. 

The true nature of light, and electro- 
magnetism in general, remains a subject 
of advanced studies and developments 
pertaining to a wide range of technologies. 
For many applications, a simplified “clas- 
sical” description of the electromagnetic 
field would often suffice for an adequate 
understanding of inner workings of the 
system, from high-speed fiber-optic inter- 
net to space telescopes. However, the more 
complete “quantum” description becomes 
necessary for the development of a growing 
number of devices and techniques, such as 
quantum encryption and quantum commu- 
nication satellites. Processes that utilize the 
quantum aspects of electromagnetism are 
increasingly being considered for practi- 
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cal applications (2). Quantum informatics, 
quantum sensing, and quantum metrol- 
ogy use specially prepared states of light 
to achieve sensitivity, precision, and speed 
beyond the classical limits. Quantum micro- 
spectroscopy, for example, allows a more ef- 
ficient and faster collection of spectroscopic 
fingerprints (3, 4) with a spatial resolution 
well beyond the diffraction limit (5). Many 
of these existing and potential applications 
can benefit from the ability to transpose 
photon states to new, distinct frequencies. 
For the past 20 years, researchers have 
intensified their efforts to develop prac- 
tical and efficient fiber-based sources of 
quantum, entangled states of light. The 
next step in developing a quantum network 
is to produce an efficient interface device 
that can transform the photon state, for 


example, to induce a shift in its frequency. 


color while preserving quantum 
correlations 


Photons ——# 


When the frequency shift is small, this can 
be easily achieved with standard telecom- 
munication modulators, which typically 
operate at gigahertz (GHz) frequencies 
and rely on refractive index modulation. 
This can be done by applying an alter- 
nating voltage to an electro-optic crystal 
whose refractive index changes as a func- 
tion of voltage. If the conversion efficiency 
of such a modulator is sufficiently high, 
it can convert the delicate quantum state 
of light and produce an equivalent state 
at a slightly different frequency. However, 
if the required frequency shift is much 
larger, this approach becomes impractical, 
and a different method is needed. 
Molecular modulation can shift the fre- 
quency of entangled photons by up to 100 
terahertz (THz)—10,000 times more than 
the GHz range offered by crystal modula- 
tors. Molecular motion produces refrac- 
tive index variation, which in turn results 


Molecular modulation changes photon 


‘ _e— Quantum entanglement 

‘ In an entangled photon pair, 
the two photon states are 
perfectly correlated but 
individually undetermined. 
However, if one of the photon 
states is measured, the other 
is immediately revealed. 


in phase modulation of light, where the 
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phase, which specifies the timing of the 
wave cycle, is shifted. Molecular modula- 
tors have been used to produce single-cy- 
cle laser pulses (6-8), as well as precisely 
controlled nonsinusoidal optical fields (9). 
The method relies on the variability of 
the bulk refractive index of a medium as 
its molecules vibrate: A typical molecule 
becomes more susceptible to polarization 
as it is stretched. When all the molecules 
inside an ensemble stretch and compress 
in unison, the overall refractive index var- 
ies accordingly. The basic nature of this 
process, referred to as a coherent Raman 
effect, has been understood for many de- 
cades (10). However, a qualitatively differ- 
ent phenomenon emerges when the degree 
of coherence of the molecular vibrations 
reaches a certain value (6, 11, 12). Then, the 
molecular modulator can function simi- 


Molecular modulator 
Using a hollow-core 
microstructured fiber 
filled with hydrogen 
gas molecules that 
vibrate in unison, the 
device changes the 
wavelength for one of 
the photons while 
preserving the 
quantum correlations 
within the pair. 


larly to a telecom modulator, but operating 
at a much higher frequency. 

Typically, a modulator produces a spec- 
trum of multiple modulation sidebands, 
where the outgoing light contains photons 
in multiple frequency bands. This is useful 
for encoding a signal onto the light wave, but 
if the frequency needs to be shifted to a dif- 
ferent range, then a single-sideband modu- 
lator must be used (13, 14). Tyumenev et al. 
achieve single-sideband conversion by using 
the special dispersion properties of their 
microstructured fiber (see the figure). Their 
fiber has a hollow core filled with hydrogen 
gas, and a cladding that surrounds the core 
with a porous glass structure. The combina- 
tion of the microstructure and the hydrogen 
molecules provides the fiber with its unusual, 
customizable photon transmission and dis- 
persion characteristics, which determine 
the phase delay of various frequency compo- 
nents of light propagating through the fiber. 
In principle, the glass microstructure and the 


hydrogen gas pressure can be varied to exert 
control over the relative phases of the light 
waves, which determine how these waves 
interact with each other and with the vibrat- 
ing hydrogen molecules. This control enables 
the optical frequency conversion to only one 
modulation sideband. Tyumenev et al. dem- 
onstrated their fiber-based modulator in a 
proof-of-principle experiment using a low- 
intensity quantum light source, and achieved 
a 125-THz frequency change. This conversion 
process is linear in the intensity of the probe 
light, and therefore is expected to preserve 
quantum correlations. This was verified by 
the authors in their measurements of photon 
correlations after the conversion. 

But is there anything surprising about 
this achievement? Why wouldn’t a hypo- 
thetical petahertz modulator preserve the 
quantum properties of modulated light in 
the same way as a GHz modulator does (15)? 
Although in a world of spherical cows this 
may indeed be expected, the picture is much 
more complex in reality. Inside the molecu- 
lar modulator created by Tyumenev et al., 
one of the light fields that drive the coher- 
ent molecular motion is produced inside 
the modulator and is seeded by quantum- 
mechanical random-phased vacuum-field 
fluctuations. This field is therefore noisier 
compared to a perfectly well-behaved and 
predictable classical field, leading to po- 
tential phase uncertainties for the up-con- 
verted photons. Tyumenev et al. rule out the 
potentially detrimental effect of these phase 
uncertainties by presenting experimental 
evidence of the modulator preserving quan- 
tum correlations. A tunable, highly efficient, 
fiber-based frequency converter is ideal for 
applications in the field of quantum infor- 
mation. Thus, this latest demonstration is 
an important step toward enabling practi- 
cal applications in quantum-enhanced in- 
formation processing and sensing. 
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Groundwater under Antarctica goes deep 


A vast fossil seawater reservoir has been found beneath the West Antarctic Ice Sheet 


By Winnie Chu 


idden below the surface of the 
Antarctic Ice Sheet, there is a vast 

mass of liquid water generated by the 
heating of Earth and frictional melt- 

ing. Glaciologists have speculated 

about the existence of a deep ground- 

water system because of fast-flowing ice 
streams in sedimentary basins that are likely 
permeable. However, direct evidence of a 
groundwater reservoir beneath the Antarctic 
subglacial hydrologic system has 
been elusive. On page 640 of this 
issue, Gustafson et al. (1) pres- 
ent geophysical observations of 
saline groundwater saturating 
a sedimentary basin beneath 
the Whillans Ice Stream in West 
Antarctica. This reservoir, lo- 
cated near the subglacial Lake 
Whillans, is estimated to con- 
tain a water volume more than 
10 times greater than that in the 
overlaying subglacial hydrologic 
system. This finding highlights 
groundwater hydrology as a po- 
tentially critical piece in under- 
standing the effect of water flow 
on Antarctic ice sheet dynamics. 
Subglacial water moves along 
the base of the Antarctic Ice 
Sheet through an_ under-ice 
plumbing network known as the 
“subglacial hydrologic system” 
(2-5), which has so far been 
considered to be a shallow or 
interfacial system in which wa- 
ter exists either at or very near 
the base of the ice sheet. This 
“shallow” subglacial hydrologic 
system typically includes lakes 
(6-9), channels (2, 3), linked 
cavities (4, 5), and porous sediments (8, 10). 
Water flow in the subglacial hydrologic 
system plays an important role in modulat- 
ing ice motion. In principle, ice motion is 
sustained by sliding over the ice sheet bed 
in a process known as basal sliding, which 
deforms the shape of the ice during the pro- 
cess. Subglacial water can affect the motion 
by providing lubrication between the ice 
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Impermeable 


sheet and the bedrock, leading to so-called 
“hard-bed” sliding (3, 5). Alternatively, water 
flow can also influence ice motion by causing 
the deformation of wet sediments beneath 
ice streams or glaciers, leading to “soft-bed” 
sliding (J0). Through these two mechanisms, 
water at the base of the ice sheet controls 
Antarctica’s ice sheet dynamics and, poten- 
tially, its contribution to sea level rise. 

Many ice streams in Antarctica reside in 
deep marine sedimentary basins, where both 
of the aforementioned sliding processes oc- 


Underneath the Ross Ice Shelf 


Gustafson et al. identified a saline groundwater system near Lake Whillans that 
contains more water than the subglacial drainage and subglacia 


Subglacial channels 


or canals 1 


Permeable 
sedimentary basin 


cur. The Whillans Ice Stream, which is located 
in the Siple Coast region of West Antarctica 
and is the focus of Gustafson et al., is a re- 
gion where the ice rests on top of more than a 
meter of permeable sediments. The Whillans 
Ice Stream has a highly active subglacial 
hydrological system. It contains subglacial 
Lake Whillans, which episodically floods and 
releases water into the Ross Sea (6). What is 
particularly intriguing about Lake Whillans 
is that unlike other Antarctic subglacial lakes, 
it is unusually shallow—only about 6 m deep 
at its driest (7). One reason for this could be 


lake above it. 


Traditional view 
Previous considerations 
only included relatively 
shallow hydrologic 
components near the 
glacial surface, 
including subglacial 
channels, sediment 
canals, and distributed 
drainage networks 
(shown as orange 


An updated view should 
include the deeper 
groundwater reservoir 
that sits ina permeable 
sedimentary basin. The 
reservoir may exchange 
water with the 
shallower hydrologic 
components and affect 
their behaviors. 


because Lake Whillans is surrounded by per- 
meable subglacial sediments (8). Subglacial 
lake water, therefore, could be leaking into 
a deeper bedrock in addition to being trans- 
ported laterally at the ice bed by a subglacial 
hydrologic system, resulting in a shallower 
lake volume. However, radar-sounding (9) 
and seismic (7) observations could not con- 
firm the existence of a deep groundwater 
reservoir because of limitations in frequency, 
bandwidth, and depth resolution. 

Gustafson et al. present magnetotellu- 
ric (MT) data—observations of 
Earth’s natural magnetic and 
electric field variation—and 
other seismic evidence for a 
groundwater reservoir __be- 
neath Lake Whillans (see the 
figure). Their observation also 
extends 100 km further down 
the Whillans Ice Stream, where 
it transitions from grounded 
ice to a freely floating ice shelf. 
MT is a passive electromagnetic 
(EM) technique that can mea- 
sure deep subsurface electrical 
resistivity distribution on depth 
scales ranging from tens of me- 


arrows). ters to hundreds of kilometers. 
Although commonly used to 
Updated view identify terrestrial groundwater 


(1) and magmatic reservoirs 
(12), only a few studies have used 
EM methods to investigate ice 
sheet hydrology (13). 

By using a combination of 
MT and passive seismic receiver 
function analysis, Gustafson et 
al. discovered the existence of a 
groundwater body inside a sedi- 
mentary basin between 0.6 and 
1.3 km thick. Subsequent data 
analysis indicates that the water 
in the reservoir is relatively fresh at the top, 
where the groundwater is in contact with 
the subglacial water system, but becomes 
increasingly brackish with depth. The down- 
glacier groundwater system at the Whillans 
grounding zone also has seawater at shal- 
lower depths compared with the groundwa- 
ter reservoir beneath Lake Whillans. 

Gustafson et al. offer a hypothesis to ex- 
plain the upward freshening of the ground- 
water reservoir. They propose that the saline 
nature of the groundwater could be a re- 
sult of seawater trapped during the mid-to- 
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late Holocene deglaciation, when the West 
Antarctic Ice Sheet retreated to roughly 
where Lake Whillans is today. During the 
deglaciation period, seawater flooded the 
exposed ice stream bed and seeped into 
the porous glacial till. As the ice sheet 
readvanced, the presence of thick ice cut 
off ocean access to the bed, and the rem- 
anent seawater was sealed as groundwater 
beneath the Whillans Ice Stream. 

Ultimately, the impact of groundwater 
on ice motion hinges on its ability to ex- 
change water with subglacial hydrology. If 
the groundwater reservoir can soak up a 
substantial amount of subglacial water, the 
amount of lubricating water that contrib- 
utes to hard-bed sliding would be reduced. 
Similarly, deeper transport of water into 
the bed substrate may dewater shallower 
sediment layers, potentially reducing the 
amount of ice motion supported by soft-bed 
sliding. In addition to affecting the ice sheet 
sliding processes, groundwater hydrology, 
which resides underneath the subglacial 
hydrology, could also store water for an un- 
known period and result in time lags that 
affect ice sheet dynamics. The importance 
of Antarctica’s groundwater hydrology may 
have been overlooked in ice flow models. 
To better the understanding of ice sheet 
groundwater hydrology, existing instru- 
mental technologies can be combined to 
conduct joint analyses of radar, seismic, and 
EM sounding (7, 9, 13) to constrain ice sheet 
geology and geomorphology and to map 
potential locations of permeable sediments 
and groundwater. Other modeling develop- 
ments, such as the inclusion of groundwa- 
ter hydrology in subglacial drainage models 
(14), are underway now, and paleorecords in 
numerical ice sheet simulations (75) should 
soon be ripe for assessing the importance 
of groundwater hydrology in the stability of 
Earth’s polar ice masses. ® 


REFERENCES AND NOTES 


1. C.D.Gustafson et al., Science 376, 640 (2022). 

2. H.Rothlisberger, J. Glaciol. 11,177 (1972). 

3. J.F.Nye,J. Glaciol.17, 181 (1976). 

4, L.Lliboutry, J. Glaciol.7, 21 (1968). 

5. J.Weertman, Rev. Geophys.10, 287 (1972). 

6. H.A. Fricker, T. Scambos, J. Glaciol. 55, 303 (2009). 

7. H.J.Horganetal., Earth Planet. Sci. Lett.331-332, 201 

(2012). 

8. D.D.Blankenship et al., Nature 322,54 (1986). 

9. K.Christianson etal. Earth Planet. Sci. Lett.331-332, 237 

(2012). 

10. W.F.Budd, D. Jenssen, in Dynamics of the West Antarctic 

Ice Sheet, C. J. der Veen, J. Oerlemans, Eds. (Springer, 

987), pp.293-320. 

ll. K.Vozoff, in Electromagnetic Methods in Applied 

Geophysics: Volume 2, Application, Parts Aand B,M.N. 
abighian, Ed. (Society of Exploration Geophysicists, 

991, pp.641-712. 

12. N.Matsushimaetal., J. Volcanol. Geotherm. Res. 109,263 

(2001). 

13. S.F.Killingbeck et al. J. Glaciol. 68, 319 (2021). 

14. P.Christoffersen etal., Geophys. Res. Lett. 41,2003 (2014). 

15. S.S.R.Jamieson etal.,J. Geophys. Res. Earth Surf.119, 

247 (2014). 


10.1126/science.abol266 


578 6 MAY 2022 +» VOL 376 ISSUE 6593 


POLLUTION 


Sunscreens threaten 
coral survival 


Oxybenzone-based sunscreens are increasing 
the mortality rates of stressed corals 


By Colleen M. Hansel 


oral reefs are among the most biologi- 
cally rich and economically valuable 
ecosystems on the planet (/). Despite 
their immense environmental and so- 
cioeconomical value, coral reefs are 
in global decline because of an ar- 
ray of anthropogenic-derived stressors, in- 
cluding increasing seawater temperatures, 
coastal nutrient pollution, and overfishing 
(2). In recent years, chemicals in topical 
sunscreens have been identified as an ad- 
ditional threat to coral health (3). Concerns 
about higher concentrations of sunscreen- 
derived chemicals and their potential toxic- 
ity to corals have led to bans of certain ul- 
traviolet (UV) filters in sunscreens in some 
coastal communities. On page 644 of this 
issue, Vuckovic et al. (4) point to the meta- 
bolic products of oxybenzone-based sun- 
screen as a possible factor in increasing the 
mortality rate of corals, particularly those 
already affected by other stressors. 
Oxybenzone, one of the most common UV 
filters in sunscreens, was among the first 


sunscreen filters to be banned in Hawaii 
and some island nations (5). It is a broad- 
spectrum UV filter, meaning that it absorbs 
and reflects both UVA radiation, which has 
a longer wavelength, and UVB radiation, 
which has a shorter wavelength. Although 
a consensus on the toxicological effects of 
sunscreens on corals (based on systematic 
toxicological tests) is lacking (3), some stud- 
ies have found dose-related bleaching and 
toxicity in corals over a range of life stages 
(6, 7). In line with those studies, Vuckovic et 
al. discovered, in controlled laboratory ex- 
periments, that oxybenzone in the presence 
of UV light leads to a higher mortality rate 
in a mushroom coral (Discosoma sp.) and a 
sea anemone (Aiptasia sp.). 

Vuckovic et al. show that the loss of a 
symbiotic partner increases oxybenzone- 
related mortality. Thus, corals and other 
cnidarians—a large phylum that contains 
aquatic animals, including sea anemones 
and jellyfishes—may receive assistance in 
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The metabolic products of oxybenzone-based 
sunscreen threaten the survival of bleached corals, 
which have already lost their symbiotic algal 
partners that could have helped minimize the toxic 
effects of the chemicals. 


evading the toxic effects of UV filters from 
microscopic partners living within their 
tissue. Corals do not live in isolation but 
instead rely on beneficial symbiotic rela- 
tionships with a rich diversity of microbes 
residing within them (8). Without these 
symbionts, the host animal is more suscep- 
tible to nutrient starvation, pathogenic in- 
fection, and oxidative stress (9). The loss of 
these essential symbionts in corals, which 
results in the corals being “bleached,” can 
be triggered by external stressors, such as 
increased seawater temperatures. The au- 
thors show that mortality rates are substan- 
tially lower for pigmented coral colonies 
that contain symbiotic algae than for colo- 
nies that are bleached and algal deficient. 

Considering the increasing frequency 
and severity of bleaching of corals within 
reefs globally (JO), oxybenzone-based sun- 
screens pose an additional and synergistic 
threat to the survival of corals in already 
compromised reefs. These findings point to 
the need for coral-friendly alternatives to 
oxybenzone sunscreens, which ultimately 
requires a fundamental knowledge of the 
mechanisms of the toxicity at play. It is to 
this point that Vuckovic et al. take a criti- 
cal step in identifying harmful reactions 
induced by sunscreen degradation products 
as the underpinning phototoxicity process 
involved. A chemical is said to be phototoxic 
if it can react with light to create chemicals 
harmful to the host. When oxybenzone 
comes into contact with corals, it enters 
the coral tissue, where it has several fates. 
Within pigmented corals, the oxybenzone 
acts as a UV filter, absorbing harmful UV 
radiation until it is metabolized by tissue- 
hosted microbes. Unlike oxybenzone itself, 
these metabolic by-products, such as oxy- 
benzone-glucoside, have phototoxic prop- 
erties and produce reactive oxygen and/or 
reactive halogen species that can degrade 
essential biomolecules within the coral. 
For healthy, pigmented colonies, algal sym- 
bionts sequester these phototoxic metabo- 
lites, resulting in lower mortality rates for 
the coral host. Therefore, the fate of corals 
presented with oxybenzone rests on a deli- 
cate balance between the UV light protec- 
tion afforded by oxybenzone accumulation 
in the coral tissue and the damaging effects 
of phototoxic metabolites, where algal part- 
ners minimize and/or decelerate the toxic 
effects to the animal host. 

With increasing incidences of global 
stressors on corals that lead to bleaching 
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and/or disfunction of the coral-symbiont 
relationship, it is imperative to minimize 
secondary threats such as the toxic effects 
imposed by sunscreen-derived UV filters. 
Yet despite observations of the presence of 
several UV filters within reef waters and 
sediments, reliable risk assessments and 
decision-making has been compromised by 
a lack of systematic characterization of the 
impact of UV filters on corals (77). Future 
research efforts should aim to characterize 
the toxicological thresholds and mecha- 
nisms of toxicity of UV filters and their deg- 
radation products under environmentally 
relevant conditions. These studies should 
incorporate various coral life stages as well 
as relevant sunscreen levels and the dura- 
tion of exposure of the chemicals to coral 
and their symbiotic partners. 

With an eye toward ecosystem protec- 
tion more holistically, it is important to also 
consider the toxicity of sunscreens and their 
degradation products on other reef mem- 
bers and partners that are key to overall 
reef health. Coral reefs are complex ecosys- 
tems that rely on a multitude of mutualistic 
interactions among diverse micro- and mac- 
rofauna inhabitants within reefs, including 
crustose coralline algae, sea anemones, and 
sponges (72). Thus, risk and toxicology as- 
sessments should incorporate feedback of 
the toxic effects between reef members and 
work to scale from the individual to the en- 
tire ecosystem. 

In the face of a changing ocean, even per- 
ceived small actions may have compound- 
ing effects within compromised ecosystems. 
Because ecotourism is more popular than 
ever, efforts should be made to minimize 
the inadvertent contribution of sunscreen- 
derived toxic chemicals to the decline of reef 
health. The research presented by Vuckovic 
et al. provides critical insight for developing 
ecologically friendly sunscreens and should 
inform policy decisions for regulating sun- 
screen use within reefs and sensitive coastal 
ecosystems globally. 
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CORONAVIRUS 


Rapid response 


modeling of 
SARS-CoV-2 
transmission 


What can modelers learn 
from recent history 

to help prepare for the 
next pandemic? 


By Jon Zelner'? and Marisa Eisenberg'*+ 


he COVID-19 pandemic has cemented 

the role of mechanistic infectious dis- 

ease models as drivers of the scientific, 

public, and policy discourse during in- 

fectious disease emergencies. On page 

596 of this issue, Pulliam et al. (1) add 
to these contributions through their use of a 
mechanistic model to document the high rate 
of reinfection with the severe acute respira- 
tory syndrome coronavirus 2 (SARS-CoV-2) 
Omicron variant in South Africa among 
people previously infected by the initial wild- 
type strain or the Alpha, Beta, or Delta vari- 
ants. This work provides another example of 
how rapid-response modeling has facilitated 
the testing of key hypotheses and assump- 
tions with unprecedented speed and near- 
immediate public health impact. 

That sophisticated mechanistic models 
were rapidly pressed into action reflects de- 
cades of investment in the intellectual and 
technological resources to do so. It also re- 
flects lessons learned from previous crises, in- 
cluding the 2003 SARS-CoV-1 outbreak, 2009 
HINI influenza pandemic, and 2014 Ebola 
epidemic (2). Because modeling is inherently 
an integrative and historical enterprise, the 
failures of modeling during the COVID-19 
crisis also reflect lessons not learned from 
these previous emergencies as well as ones 
that were impossible to anticipate owing to 
the novelty of the COVID-19 pandemic. 

Much of the power of transmission models 
comes from their ability to create “stylized 
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facts” about transmission and in- 
tervention. These are qualitative 
“Tules of thumb” that flow from 
the quantitative output of mech- 
anistic models (see the figure). It 
is these qualitative understand- 
ings that drive most of the scien- 


Modeling epidemics 
Epidemiological models translate quantitative data and assumptions about the 

nature of infectious diseases into both qualitative “stylized facts” and quantitative 
predictions that have proven to be critical drivers of the public, political, and scientific 
conversation around severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). 


tific, political, and social conver- 
sation around infectious diseases 


ah 


in moments of deep uncertainty. 
When these accurately describe 
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fection and death (13). These al- 
low quantification of the impact 
of social and economic policies 
on the burden of disease (J4). 
In the future, the rapid deploy- 
ment of high-quality models that 
adequately account for the joint 
social and biological drivers of 
infection will be critical to an- 
ticipating and addressing these 
inequities. This requires an im- 


the state of the world, such styl- a= eee aa "oe Pa F mediate and concerted effort to 

ized facts are invaluable. When eplcemics etNe! ance ata lorogical in orm aon increase socioeconomic, racial, 
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ey (C0 DOL MICTe are Serlous models genetic data information, mobility and geographic Iversity in the 

consequences for public health modeling workforce. 

and the public’s confidence in it. Mechanistic models have 


In the earliest moments of 
the pandemic, when data were 
sparse, modelers reached back 
to the 2003 SARS outbreak to 
understand whether it might be 
feasible to stem the global spread 
of this new—but related—patho- 
gen (3). As data from Wuhan and 
other early outbreaks, such as 
on the Diamond Princess cruise 
ship (4), became available, ana- 
lysts began to estimate the value 
of the basic reproduction rate RO 
(the number of cases generated by one case in 
a susceptible population) and its responsive- 
ness to intervention through the time-vary- 
ing reproduction rate, R(t). One such analysis 
found that transmission rates in Wuhan de- 
clined over the course of early 2020, with a 
decisive dip that brought R(t) below the criti- 
cal threshold of 1 after the institution of mo- 
bility restrictions in February 2020 (5). This 
and other analyses from the same period (6) 
suggested that lockdowns and other drastic 
contact-limiting interventions could be ef- 
fective in stemming the tide of transmission. 
These insights shaped much of the global re- 
sponse to SARS-CoV-2 in 2020. 

Whereas early analyses were characterized 
by a paucity of data, more information has 
become available with each wave of the pan- 
demic to suggest what might happen next. 
For example, in a recent meta-analysis, the 
COVID-19 Forecasting Team used data from 
more than 3000 serological surveys con- 
ducted in 76 countries to characterize age- 
and region-specific infection fatality rates 
(IFRs) associated with SARS-CoV-2 infection 
(7). This type of “historical” data is critical for 
parameterizing models that can meaning- 
fully capture spatial and demographic varia- 
tion in the risks of infection and death. Such 
information is critically important for cap- 
turing the complex landscape of SARS-CoV-2 
population immunity as the slow transition 
to endemicity continues (8). 

As the amount of SARS-CoV-2 data has in- 
creased, newly entrenched stylized facts that 
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Rules of thumb 
Overall patterns 
“Flatten the curve” 


Basic reproduction number, Ro 


shape policy and behavior may make the re- 
sponse to shifts in the pandemic less nimble. 
These can ossify into “common sense” that 
provides a sense of control and predictabil- 
ity while actually crowding out important 
new information (9). For example, a con- 
sensus that emerged from years of research 
and discussion that respiratory viruses did 
not reliably transmit over distances greater 
than the 6-foot buffer used in social distanc- 
ing guidelines was used to dismiss compel- 
ling observational evidence of an important 
role for longer-range airborne transmission 
of SARS-CoV-2 (10). As the volume of stylized 
facts about SARS-CoV-2 transmission rates, 
vaccine effectiveness, and IFRs continues to 
grow, the risk that new pieces of conventional 
wisdom will become disconnected from fast- 
changing realities increases. 

Mental models also fail when they narrow 
the set of questions modelers think to ask: 
The role of racial discrimination and eco- 
nomic exploitation in amplifying the toll of 
COVID-19 among those who are financially 
and socially marginalized, and among people 
of color subjected to racial discrimination, 
was clear from the earliest moments of the 
pandemic (11). But the mechanistic models 
used as tools of rapid response at this time 
were focused largely on the pathogen (how 
infectious is it?) and not the brutally unequal 
human systems governing who is exposed 
and when (12). This has sparked a wave of 
new models that directly incorporate the 


mechanistic drivers of social inequality in in- 


also played a contentious role 
in forecasting disease outcomes 
over the short to medium term. 
Although the predictive qual- 
ity of disease forecasting has 
increased in recent years, these 
models necessarily reflect his- 


Seasonal patterns Forecasts tory-based assumptions about 
Exponential growth Counterfactual future transmission. As a result, 
Surge simulations even “ensemble” forecasting 
Spatial distributions approaches that use multiple 


models with differing assump- 

tions are often blindsided by 
rare, highly consequential events such as the 
emergence of SARS-CoV-2 variants with dif- 
fering transmission characteristics, or rapid 
shifts in human behaviors, such as vaccina- 
tion, masking, reduced air travel, and social 
distancing (75). Splitting the difference be- 
tween using as much information as possible 
to suggest what might happen next, while 
acknowledging and quantifying the myriad 
deep uncertainties associated with a global 
pandemic of an evolving pathogen, must be a 
top priority of preparedness for future global 
infectious disease emergencies. 
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MICROBIOLOGY 


Bacterial species rarely work together 


Competition is prevalent and could be harnessed as an alternative to antibiotics 


By Jacob D. Palmer? and Kevin R. Foster!” 


acteria commonly live in diverse 

communities where each species can 

affect the growth and survival of oth- 

ers (1, 2). These species interactions 

are central to bacterial ecology and 

have diverse implications for health, 
agriculture, and industry. To understand 
and manipulate bacterial communities, it 
is therefore critical to know how species 
interact. There is an emerging controversy 
about the importance of positive interac- 
tions, such as cooperation (or mutualism), 
between bacterial species (3-8). However, 
once the standard ecological measures are 
applied, a clear picture emerges. Nega- 
tive interactions prevail, and cooperation, 
where two species both benefit, is typically 
rare. The prevalence of competition gives 
hope for bacterial community engineering 
strategies that seek to eliminate pathogens 
without the need for antibiotics. 

Species affect each other in many ways. 
Antagonistic interactions such as compe- 
tition, parasitism, and predation are rife 
with conflicts. An owl benefits from eating 
a mouse, whereas the mouse benefits if 
not eaten. Cooperative interactions, where 
both parties benefit, are characterized by 
natural selection on individuals of each 
species to work together. Plants disperse 
pollen through the flight of the bumble bee, 
whereas the bee obtains nectar through the 
plant’s ability to fix atmospheric carbon. 
Species interactions also define how com- 
munities behave as a system, influencing 
diversity, assembly, stability, and produc- 
tivity. For example, cooperation (+/+) can 
destabilize ecological systems by causing 
dependencies, whereas exploitation (+/-) 
can be stabilizing because it creates nega- 
tive feedback between species (9). Species 
interactions are therefore critical to under- 
standing complex communities. 

Among interactions, cooperation can 
seem puzzling (2, 10): Why benefit another 
over oneself? A vast literature is dedicated to 
this question, because answering it is central 
to explaining both complex life and societies 
(10). For bacteria and other microbes, coop- 
eration readily evolves in clonal groups be- 
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cause of kin selection. When cells are genet- 
ically identical, natural selection can readily 
favor one cell investing in others, provided 
that the total reproduction of the group in- 
creases (2). However, between species, coop- 
eration is predicted to be much less common 
because of natural selection for competition 
and exploitation when different genotypes 
interact (J, 2, 10). 

In principle, this prediction can be tested 
using genomic data and computational 
methods that infer how different bacterial 
species interact (2). However, the gold stand- 
ard is to culture species alone and together 
and directly measure their effects on each 
other. A decade ago, one study did such 
culturing with environmental bacteria iso- 
lated from tree holes (permanent rainwater 
pools in a beech tree woodland) (8). It was 
concluded that cooperation was uncommon, 
just as theory predicts. However, it was not 
clear whether this finding would be robust to 
different environments and methodologies 
(3). Recent work has provided experimental 
data on bacterial interactions from a range 
of environments, including the mamma- 
lian gut, nematode gut, phyllosphere (plant 
leaves and aerial tissue), and soil. How do 
these new data compare with the tree hole 
bacteria study? Most studies closely align 
with the tree hole bacteria data, showing 
that cooperation is rare (4-7). However, one 
concludes instead that positive interactions 
are common among bacterial species (3). 

What is the reason for such different 
conclusions? One study tested a set of 12 
bacterial species that colonize the mouse 
gut [Oligo-Mouse-Microbiota (OMM”)] 
(4). Pairwise interactions were quantified 
in vitro in nutrient-rich media. The data 
support the prediction that cooperation is 
rare: Most common was ammensalism (—/0; 
that is, negative in one direction), followed 
by neutral (0/0) and competitive (-—/—) in- 
teractions. Indeed, of the 66 interactions 
measured, none were cooperative, and just 
one was commensal (+/0) (see the figure). 
Another in vitro study of human gut bac- 
teria also found that negative interactions 
dominate (7). There were differences, with 
many fewer neutral (0/0) and more ex- 
ploitative (+/-) interactions than in the 
OMM?” study. These shifts in estimates un- 
derscore the reality that different studies 
can yield quite different results, which may 
be caused by different methodologies as 


much as real differences between commu- 
nities. Nevertheless, both of these in vitro 
studies support the idea that cooperation 
is rare, with it being absent in the OMM” 
experiments and accounting for ~2% of in- 
teractions in the study of human gut bac- 
teria. This rarity is also supported by in 
vivo experiments with bacteria associated 
with nematodes and plants. Pairwise ex- 
periments of bacteria from nematode guts 
revealed that competition was by far the 
dominant interaction, with cooperation 
again the rarest at ~3% of interactions (5). 
The plant study was carried out differently: 
Rather than comparing strains alone and in 
pairs, single species were removed or added 
in a diverse community. With this method, 
only ecological effects in one direction were 
assessed, but even so, negative interactions 
again predominated (6). 

This is where things become less clear. 
Droplet-based culturing was used to test 
interactions between 20 species of soil bac- 
teria (3). With this method, 190 species in- 
teractions across 40 different environments 
(7600 interactions in total) were surveyed, 
and >40% of the cases tested contained pos- 
itive interactions. This result was contrasted 
against the environmental data from tree 
hole bacteria (8), where the authors of the 
new study noted that evidence of positive 
interactions was found in <10% of pairs of 
bacteria (3). With such a shift in the esti- 
mates, these data appear to suggest that soil 
communities are very different to those of 
tree holes and other environments. However, 
the soil bacteria study made a subtle but 
critical change in how “positive interac- 
tions” are defined, combining all cases with 
at least one positive interaction (3). This is 
problematic, because it groups exploitative 
interactions (+/—), such as parasitism and 
predation, with cooperation (+/+), which 
have fundamentally different evolutionary 
and ecological properties (2). Moreover, as a 
result of the change in definition, the sug- 
gestion that the tree hole bacteria study (8) 
had found evidence of positive interactions 
in <10% of cases becomes inaccurate because 
that estimate concerned solely cooperation. 
The importance of this distinction is made 
clear by looking at the frequency of cooper- 
ation proper (+/+) in the soil bacteria data, 
where it accounts for only 5% of interactions 
(3). This estimate is actually lower than that 
from the tree hole bacteria study. 
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Bacterial interactions in different communities 

There are diverse interactions between bacterial species in a community, including mutualism (+/+), 
exploitation (+/—), and competition (-/—). How bacteria interact is important for community stability and 
composition. Analyses of the ecological interactions between bacterial species in soil (3), Caenorhabditis 
elegans gut (5), human gut (7), mouse gut (4), Drosophila melanogaster gut (13), and metal-working fluid 

(12) reveal that antagonistic interactions such as competition and exploitation dominate, whereas mutualism 
(cooperation) is rare. Examples of mutualism are seen in some studies when pairs of species are cultured 
(“low diversity”) (bottom), but these disappear in cultures at more natural levels of diversity (“high diversity”). 


Mutualism (+/+) Exploitation (+/-) 


@- 
DA Ba 
@_@ @_@ 


Soil bacteria (7600 pairwise interactions) 


C. elegans gut bacteria (77 pairwise interactions) 


@ Mutualism (+/+) 
Commensalism (+/0) 
Neutralism (0/0) 

See Amensalism (—/0) 

© Exploitation (+/-) 

@ Competition (-/-) 


Competition (—/—) 


Human gut bacteria (66 pairwise interactions) 


Mouse gut bacteria (66 pairwise interactions) 


D. melanogaster gut bacteria (10 pairwise interactions) 
High diversity 


Low diversity 


Whichever definition of positive ecological 
interactions is used, negative interactions 
are much more common than positive ones 
in the soil bacteria study. Such statistics do 
not mean, of course, that cooperation never 
evolves between bacterial species. There is 
evidence that cooperation has evolved be- 
tween bacterial species of the human gut (1), 
even if it is generally uncommon. Moreover, 
one study found several cases where pairs 
of species grew better together than alone 
in toxic metal-working fluid (12). This study 
is important because it shows that the like- 
lihood of bacterial species working together 
can greatly increase in certain environ- 
ments. In this case, low species diversity and 
the challenges associated with growing in a 
harsh environment were found to be crucial. 
When nutrients or additional species were 
added, the cooperative interactions were lost 
(12) (see the figure). Consistent with the im- 
portance of diversity, a study of bacteria in 
the Drosophila melanogaster gut also found 
several positive interactions when species 
were cultured in pairs, but these nearly all 
shifted to negative when species diversity 
was increased to more natural levels (73). 
Indeed, the original tree hole bacteria study 
also found that the impacts of negative inter- 
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Metal-working-fluid bacteria (6 pairwise interactions) 
High diversity 


Low diversity 


actions increased with species diversity (8), 
presumably because the presence of more 
species increases the competition for limit- 
ing nutrients (72). 

There is a need for further surveys of spe- 
cies and environments to understand the 
general characteristics of bacterial commu- 
nities. Nevertheless, the emerging pattern is 
that cooperation is relatively rare, with neg- 
ative interactions predominating. Another 
important pattern in the data is variability in 
the strength of ecological interactions, with 
many being relatively weak (3, 4). Like neg- 
ative interactions, weak interactions are pre- 
dicted by evolutionary models: Strong com- 
petition between species is predicted to drive 
the extinction of one species or the evolution 
of niche separation (character displacement) 
that weakens the competition (2). However, 
these weakly negative interactions also 
present something of a conundrum. Many 
bacteria use powerful antibacterial toxins 
against one another, which create strong 
negative interactions (7). How are these ob- 
servations reconciled? Antibacterial toxins 
often target members of the same species, 
which vie for the same nutrients and loca- 
tions. Many strongly negative interactions, 
therefore, take place between different gen- 


otypes (strains) of one species, which are not 
captured by most ecological surveys that fo- 
cus on different species. These intraspecific 
interactions deserve more attention and are 
needed for any complete picture of bacterial 
community ecology. 

The emerging patterns in bacterial ecol- 
ogy have implications for those that seek 
to manipulate and engineer microbial com- 
munities for human benefit. Negative and 
weak interactions can be desirable from a 
community engineering standpoint because 
both can promote stability (9). Indeed, a 
key feature of the human gut microbiome 
is its relative stability, which allows it to re- 
cover from perturbations, such as a course 
of antibiotics (9). Negative interactions can 
also drive priority effects, where late-ar- 
riving species are unable to grow because 
of the effects of early arriving species (6). 
Competition and exploitation, therefore, 
can make the addition of new species chal- 
lenging. This effect is well known from stud- 
ies of probiotic use, where “beneficial” bac- 
terial species often fail to colonize the gut 
(14). However, such colonization resistance 
can also be a benefit when incoming bacte- 
ria are harmful. With rising levels of drug 
resistance in pathogenic bacteria, alter- 
natives to antibiotics are urgently needed. 
After the success of fecal transplants for the 
treatment of Clostridium difficile, there is 
great interest in finding bacteria that both 
colonize the human microbiome and com- 
pete strongly with pathogens (15). If bacte- 
rial community ecology can be mastered, 
the hope is that these competitive species 
can be introduced as a prophylactic, or even 
as a treatment, to eliminate pathogens. The 
way out of the crisis in antibiotic resistance 
may rest upon both the prevalence and 
power of bacterial competition. & 
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RIVER GOVERNANCE 


Save the Mekong Delta from drowning 


Policy must address drivers, not just symptoms, of subsidence 


By G. M. Kondolf}, R. J. P. Schmitt?#, 
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wing to only a few decades of human 

influence and unsustainable man- 

agement of the Mekong River basin’s 

natural resources, the Mekong Delta 

is receding rapidly. Most of the delta 

landform, home to 17 million people 
and an economic powerhouse, could slip 
below sea level by 2100 (7). Avoiding such a 
catastrophic impact will require concerted 
actions that acknowledge root causes for land 
loss and the global importance of the delta 
landform. Deltas persist and grow if sedi- 
ment supply from an upstream river basin 
builds delta land at the same or greater rates 
than land is submerged by relative sea level 
rise and erosion. With more rapid sea level 
rise, more sediment resources are needed to 
maintain the current extent of the delta. Only 
improved coordination of governance and in- 
vestments, informed by science, will provide 
the delta with those critical resources. 

The Mekong Delta, which lies mostly in 
Vietnam, is one of the world’s largest del- 
tas. The delta has been transformed in the 
past century into a human-made landscape, 
or “Delta Machine” (2), which produces 7 
to 10% of all rice traded internationally. 
The delta averages less than 1 m above sea 
level, so it is vulnerable to subsidence and 
coastal erosion. Many initiatives have sup- 
ported local adaptation measures to address 
symptoms of a sinking delta, but have not 
addressed underlying anthropogenic driv- 
ers of subsidence at both the delta and basin 
scales, nor considered the international na- 
ture of the basin. 


Prior to the late 20th century, the delta 
received 140 to 160 million metric tons (Mt) 
of sediment annually from the Mekong River 
basin. More than half of this is now being 
trapped in reservoirs. In the upper Mekong 
basin in China (the Lancang), eight large hy- 
dropower dams have been completed, with 
another 20 under construction or planned. In 
the Mekong, 133 dams are built or planned, 
of which 11 are on the mainstem of the lower 
Mekong. If built as planned, all dams will 
trap 96% of the sediment formerly reaching 
the delta (3). Additionally, sediment supply 
from tropical cyclones, which deliver about 
32% of the suspended sediment load reach- 
ing the delta, is decreasing as cyclone tracks 
shift north (4). 

The remaining sediment load is further re- 
duced by in-channel mining. An estimated 54 
Mt of sand per year from the Mekong River, 
mostly in Cambodia and Vietnam, is used in 
construction and land reclamation (5). Sand 
mining causes downstream sediment starva- 
tion and contributes to coastal erosion and 
channel incision, tidal amplification, and sa- 
linity intrusion (6). 

Management of the delta has historically 
focused on controlling the waters to enable 
agricultural intensification and flood regula- 
tion, and to prevent saline water intrusion. 
Although successful in this regard, this has 
fundamentally affected natural processes 
that maintain the delta land itself. Where dis- 
tributary channels and coastal currents for- 
merly distributed sediment-laden flood flows 
across the delta plain and along its coastlines, 
dikes now restrict water and sediment to the 
main channels, depriving the delta of deposi- 
tion during floods. Natural mangrove vegeta- 
tion traps sediment to build up land, absorbs 
wave energy, and reduces coastal erosion. 
However, the delta’s mangroves largely have 
been replaced by agriculture and aquacul- 
ture, and remaining mangroves are now 
starved of sediment to trap (7). 


All deltas naturally subside, as recently 
deposited sediment compacts. For the 
Mekong Delta, this natural subsidence 
is exacerbated by effects of groundwater 
pumping for agriculture and urban use, 
presently the single greatest driver of sub- 
sidence in the delta (8). By 2100, a “busi- 
ness as usual” scenario results in average 
relative subsidence of up to 1.8 m, which 
would lead to submergence of over 90% of 
the delta. A best-case scenario (strongly cur- 
tailed pumping, mining, and dam construc- 
tion) results in subsidence of 0.15 m, which 
would inundate about 10% of the delta (1). 

The above-mentioned drivers can create 
vicious cycles. For example, as salt water in- 
trudes into the delta, farmers may use more 
groundwater, or migrate to urban centers 
that are already foci of subsidence. As sub- 
sidence accelerates, building dikes to lock 
out floods becomes more attractive to local 
interests, but these dikes prevent sediment 
from spreading over the delta surface and 
building elevation. 


ADDRESSING ROOT CAUSES OF SUBSIDENCE 
The very existence of the Mekong Delta 
as we know it today is due to massive 
human-made modifications—canals, dikes, 
saltwater dams, and other hydraulic inter- 
ventions—that have led to major ecologi- 
cal and economic transformations (9, 10). 
Since the Vietnamese reunification in 1975, 
the delta has seen a number of studies and 
master plans, most with international sup- 
port, to promote centralized, integrated 
planning with focus on socioeconomic de- 
velopment (71). Though highly successful 
in turning the delta into an agricultural 
and economic powerhouse, this has in- 
creasingly locked the delta’s management 
into an unsustainable path with weak ad- 
aptation capacity, siloed governance, and 
lack of coordination with actions in up- 
stream countries. 
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The focus on socioeconomic devel- 
opment and strong belief in human 
mastery over nature also explains why 
current policies fail to properly ac- 
knowledge that most of the delta might 
fall below mean sea level within a hu- 


development, Resolution 120 (enacted 
in 2017), takes steps in the right direc- 
tion, emphasizing the need for more 
nature-based development and en- 
couraging integrated planning across 
different sectors and spatial scales, and 
aiming to “develop an integrated plan 
for sustainable and climate resilient 
development of the Mekong Delta” 
(12). Yet, the Resolution and the earlier 
“Mekong Delta Plan” (73) treat flood- 
ing, salinity, and coastal erosion more 
as isolated engineering challenges, 
proposing solutions on local scales, 
rather than explicitly seeing them as iS 
symptoms of underlying causes span- 
ning multiple scales. Although the 
Plan reports ongoing subsidence rates, 
the existential threat to the delta is not 
addressed by the limited proposals to 
minimize subsidence, reestablish sedi- 


man lifetime. The key Vietnam gov- 2 
ernment document guiding the delta’s as 
“Se 
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The drowning Mekong Delta 
The existence of the Mekong Delta is threatened by anthropic drivers. Continuing unsustainable use of water 
and sediment will result in the delta surface dropping by up to 2 m relative to sea level by 2100, drowning 

most livelihoods and ecosystems in the delta. Measures to avoid this fate are known but need to be implemented 
urgently across scales, sectors, and borders (See supplementary methods for data sources). 
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and Investment in July 2020 or the 
government report reviewing the first 3 years 
of the implementation of Resolution 120 (14). 
At the same time, large-scale investments 
keep on pouring into the delta, with a mix- 
ture of instruments to advance development 
and respond to the threat posed by climate 
change. For example, the World Bank has 
committed to loans and bilateral funding 
of nearly US$2 billion from 2007 to 2022. 
Although this level of funding is small com- 
pared to private investment, funding deci- 
sions of international financial institutions 
have tremendous influence in setting stan- 
dards for other investors and could help 
push investments that make the delta more 
resilient. Reputational risks are an increas- 
ingly important motivator for private inves- 
tors, who are influenced by the examples 
set by major international actors. Much of 
the funding from international donors aims 
to address the impacts that a sinking delta 
creates on the livelihoods of its inhabitants: 
to protect against local flooding and coastal 
erosion, deal with salinized water supplies, 
and support adaptation planning. However, 
the investment proposals typically say little 
or nothing about the long-term existential 
risks to both livelihoods and investments, nor 
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about opportunities to mitigate those trends 
through concerted larger-scale actions. 


RESPONDING TO THE THREATS 

Persistent challenges from top-down, hierar- 
chical governance systems and institutional 
rivalries hinder continued positive evolution. 
For the delta landform to persist into the fu- 
ture, three fundamental changes in the politi- 
cal economy and science-society-policy nexus 
are required to enable six deep changes in 
basin management, with particular attention 
to sediment. 

First, investments in the delta across key 
economic sectors (agriculture, aquaculture, 
transport, energy, construction) and ac- 
tors (national and international companies, 
state-owned enterprises, local and national 
governments, and international develop- 
ment actors) need to register and address 
system-scale consequences of their invest- 
ments, such as their impact on delta subsid- 
ence. This would require improved planning 
mechanisms, based on enforced regulatory 
frameworks. Second, actors such as civil so- 
ciety groups and regional and international 
investors with an interest in sustainable and 
long-term profitable investments must lever- 


age their shared interest in making basin- 
scale change. For example, they can highlight 
that avoiding high-impact dams will benefit 
not only local communities but also the delta 
and entire basin. Third, science-policy inter- 
action must be enhanced. One problem in 
Mekong basin science has been that minor 
differences among scientific studies have 
been emphasized. This gives the impression 
of great uncertainty in scientific predictions, 
but in reality, there is broad scientific consen- 
sus on key concerns. These should be empha- 
sized when scientists communicate with de- 
cision-makers. Decision-makers, in exchange, 
should not take remaining differences in sci- 
entific findings as an excuse for inaction. 

To respond to the fundamental threat 
facing the delta, future projects should not 
contribute to increased subsidence and land 
loss, and they should be resilient to future 
subsidence. To achieve this, we recommend 
that future measures explicitly account for 
the scales at which the drivers operate, and 
that management efforts be undertaken at 
appropriate scales. Although some drivers 
of subsidence can be influenced by local and 
national actions, others will require interven- 
tions coordinated between Cambodia and 
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Vietnam, and throughout the entire basin, 
from which the essential water and sediment 
resources are derived. 

Coordinated planning on larger scales 
might seem unlikely given current political 
realities and persistent governance chal- 
lenges. Changing those realities toward a 
whole-basin dialogue is needed to open 
a larger solution space where all riparian 
countries acknowledge the situation and 
have both rights and obligations. Here, ac- 
tive science-policy interaction, including 
the role of knowledge intermediaries such 
as regional networks and civil society orga- 
nizations (2, 10, 15), plays an important role. 
Scientific understanding of the existential 
threats facing the delta is clear, and this un- 
derstanding must be actively translated into 
policy recommendations. Translating such 
recommendations into impactful decisions 
requires political will and coordinated ac- 
tions, both at national and basin scales. This 
requires accepting that some critical activi- 
ties, such as overpumping, sand mining, and 
hydropower development, may need to be 
limited or gradually phased out, despite their 
political importance and economic interests. 

In this context, we propose six measures 
to safeguard the delta and its livelihoods. We 
identify potential enablers and roadblocks to 
implementation (table S1). The measures will 
be most effective in concert, and implement- 
ing the full portfolio will be a challenge. Yet 
each measure has precedents (table S1). 


Avoid high-impact dams 

Do not build dams at sites with the highest 
sediment-trapping potential. Use network- 
scale portfolio analysis to identify optimal 
dam placement to minimize impacts while 
maintaining hydropower production. The 
benefits and impacts of alternative energy 
sources should be considered along with 
hydropower. 


Pass sediment through or around dams 
Sustainable sediment management strate- 
gies such as sluicing, flushing, and bypasses 
can allow some sediment to move from up- 
stream to downstream, as included in the 
mainstem dam design guidance of the Me- 
kong River Commission (MRC). Studies are 
needed to evaluate if dams currently not 
equipped for sediment management can be 
retrofitted. 


Phase out riverbed sand mining 

Impacts of sand mining can be reduced 
through better enforcement of mining regu- 
lations, limiting extraction to a sustainable 
fraction of remaining sediment load, and 
encouraging alternative material for con- 
struction, e.g., from floodplains and recy- 
cled material. 
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Transform agriculture in the delta 

Produce less quantity but higher quality, 
and adapt agricultural practices to mini- 
mize groundwater extraction and recon- 
nect distributaries to the delta plain. As 
recommended by the Vietnam Government 
Resolution 120 (12), reduce groundwater 
pumping through a shift to less—water- 
intensive crops, improve access to surface 
water supplies and maintain their quality, 
regulate water demand, and reuse water. 


Maintain connectivity of delta floodplains 

Adapt water infrastructure in the delta to al- 
low sediment-charged flows to spread over 
the delta surface at least one year in three, 
and acknowledge the socioeconomic ben- 
efits of floods and sediment. Prevent dikes 
from cutting off channels from floodplains. 


Leverage nature-based coastal protection 
At low cost, mangroves and natural wet- 
lands are a proven solution to coastal ero- 
sion with benefits for biodiversity and 
livelihoods, but for those ecosystems to 
build land there must be a supply of sedi- 
ment for them to trap. 


SEVERE, URGENT, EXISTENTIAL 

By virtue of its national, regional, and 
global importance, the Mekong Delta has 
attracted extensive interest from the Viet- 
namese government, international develop- 
ment partners, multinational corporations, 
researchers, and civil society (2, 10, 15). Yet 
the severity and urgency of the existential 
threat—that most of the delta will sink below 
sea level by 2100—have not been explicitly 
mainstreamed in key policies and invest- 
ment plans. The six proposed measures will 
entail major costs and will require coordina- 
tion between civil, business, and political ac- 
tors to navigate trade-offs between sectors at 
national and regional scales. 

The proposed six-measure portfolio will 
not be easy to implement, but above we 
outline some enablers that will be crucial 
in the basin’s governance, private sector, 
academia, and civil society. In the delta, 
national and provincial governments could 
act now to develop and enforce regulations 
for sustainable groundwater management 
and invest in their implementation. 

In the basin, existing transboundary or- 
ganizations must play a key role. Although 
the MRC is unlikely to gain binding power 
to make strategic development decisions, 
it needs to strengthen its role as knowl- 
edge broker and amplifier of transbound- 
ary environmental issues (75), including 
demonstrating that cooperation yields 
greater benefits than unilateral action. As 
more investments will pour into the ba- 
sin, e.g., with the intensification of ASEAN 


(Association of Southeast Asian Nations) 
power trade, such information will be cru- 
cial to hold private and government inves- 
tors accountable for the externalities of 
their investments. 

Organizations with active transboundary 
and trans-sectoral investment portfolios, 
e.g., multilateral development banks such 
as the World Bank and Asian Development 
Bank, are already positioned to evaluate 
the systemic impacts of investments rather 
than focusing only on project-level sus- 
tainability assessments (10). Because of the 
high visibility of multilateral development 
banks and other international organiza- 
tions, their commitment to strategic and 
systemic solutions can further awareness 
among national actors, and they are well 
positioned to support sectoral reforms and 
highlight the role of strategic assessments 
and sustainable use of riverine resources. 

All those organizations and actors need 
to broaden their scope from a narrow focus 
on developing the basin’s water and energy 
resources (10) to consider additional sectors 
(e.g., construction, food) and holistic solu- 
tions to address root causes of a subsiding 
delta. Implementing those solutions could 
make the Mekong Delta a sentinel of inte- 
grative and innovative delta management 
and climate adaptation, rather than being 
drowned by the century’s end. 
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The changing story of seafood 


New technology, new markets, and better policy 
are improving fisheries and aquaculture 


By Olaf P. Jensen 


arms and those who work them evoke 

amber waves of grain and American 

Gothic for many Americans, images 

compelling enough to make us forget 

the tallgrass prairie long ago plowed 

under to create them. Fishing and 
aquaculture are a different story, but which 
one—the ocean bottoms dredged barren by 
factory trawlers, or the cornucopia of seafood 
spilling from a Dutch still life? Without see- 
ing seascapes for ourselves, we rely 
on storytellers to provide a narra- 
tive. The dominant ones today are 
defined by decline and destruc- 
tion: disrupted food chains, farmed 
salmon pumped full of antibiotics, 
all fish gone by 2048. 

In The Blue Revolution, Nicholas 
Sullivan provides a different, more 
nuanced narrative of US fishing. In 
the book’s first section, he recounts 
the transition of wild-capture fish- 
eries in New England from a law- 
less coastal version of the Wild West to the 
highly regulated system in place today. Until 
the mid-1990s, fishing operations competed 
in a “race to fish” free-for-all: the more you 
caught, the more you earned, and if you did 
not catch a fish, someone else would. Fish 
populations suffered the consequences. 

Today, all aspects of a US fishing trip are 
tightly circumscribed. When, where, and how 
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The Blue Revolution 
Nicholas P. Sullivan 
Island Press, 2022. 

272 pp. 


to fish are governed by regulation. Fishing 
operations must call in to let fishery man- 
agers know that they are starting a trip and 
then file reports on what they caught. The 
cowboys have been reined in by paperwork, 
and the outlaws—Sullivan focuses on the col- 
orful “Codfather” Carlos Rafael, who bought 
up much of the New Bedford fishing fleet 
with proceeds from illegal cod—have been 
brought to justice. 
A whole ecosystem of businesses connect- 
ing fish catchers to fish eaters has recently 
sprung up. Sullivan tells the stories 
of numerous entrepreneurs who 
have found a niche, marketing sea- 
food to discerning buyers—both res- 
taurants and retailers—who want 
their fish to be not only fresh but 
also sustainable and local. 
Some fishing operations have 
cut out the middleman and are 
selling directly to consumers at 
roadside stands, at farmers’ mar- 
kets, or through pay-in-advance 
community-supported fisheries. 
Direct sales of seafood helped fishermen in 
New England weather the COVID pandemic 
(1), as the high-volume supply chain dried up 
and many consumers began experimenting 
with cooking locally caught species at home. 
But how many people are willing to pay 
double for seafood of known provenance? 
Clearly enough, Sullivan argues, to support 
the rapid expansion of businesses such as 
Sitka Salmon Shares, which brings sustain- 
able wild Alaskan seafood to dinner plates 
throughout the Lower 48. However, we 
have known for decades that the potential 


Once a lawless free-for-all, the US fishing 
industry is now tightly regulated. 


sustainable wild harvest from the world’s 
oceans is ~100 million tons per year (2), and 
that is pretty close to where it seems to have 
leveled off since the late 1980s (3). The rise 
in global seafood production since then is 
attributable entirely to the growth in aqua- 
culture, a trend that must continue if we are 
going to feed fish to the masses. 

Aquaculture production in the US, and 
the technology that could help it expand, 
are the subject of the second section of Sul- 
livan’s book. This section is well sourced 
but gets bogged down in overwhelming 
detail. It is difficult to keep track of which 
fish farmer was childhood friends with an- 
other and who worked on someone else’s 
aquaculture project before taking over as 
CEO of a kelp business. Here too, Sullivan’s 
discussion of kelp farming and “integrated 
multitrophic aquaculture” is weakened by 
its wide-eyed belief in techno-utopian ideas 
that always seem to be poised to immi- 
nently save the planet. 

It is not until the end of this section that 
Sullivan gets to the root of what has kept US 
aquaculture small: the lack of an efficient 
permitting process. Here, he quotes Scott 
Flood, an ocean engineer and lawyer, on the 
limitations of bluewater aquaculture: “It’s 
all in the permitting, as the technology is 
pretty well understood...” 

The role of policy, both in driving the 
revolution in wild-capture fishery sustain- 
ability and in hindering the growth in aqua- 
culture in the US, is given short shrift in 
Sullivan’s book. The Magnuson-Stevens Act 
amendments of 1996 and 2006, for example, 
required catch limits on all fisheries, made 
overfishing illegal, and required overfished 
stocks to be rebuilt by a certain deadline. 
These and similar measures implemented 
in other countries can be directly linked to 
reductions in fishing pressure and the re- 
covery of fish populations (4). 

To some extent, Sullivan’s neglect of pol- 
icy successes is understandable. A bill is an 
unlikely hero (Schoolhouse Rock! excepted), 
and a book about the triumph of well-crafted 
legislation is unlikely to appear on the best- 
seller list. However, in a book about fisheries 
that gets so much right, it is disappointing 
not to see credit given where it is due. & 
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ANTHROPOLOGY 


Hidden influences 


Beliefs about the vital roles played by spirits and gods have 
long been underappreciated, argues an anthropologist 


By Jonathan Spencer 


n the last decade of his long and extraor- 
dinarily creative life as an anthropologist, 
Marshall Sahlins, who died aged 90 in 
2021, found a new voice on social media. 
On Facebook, he railed with his custom- 
ary sharp wit, mostly against the state of 
US politics but also sometimes against the 
state of US anthropology. One of his posts, 
from 2017, which he titled “Where have all the 
cultures gone?” and described as an “emeri- 
tus rant,’ spread virally, generating endorse- 
ments and attacks in equal 
measure. In the post, Sahlins 
asked what had happened to 
anthropology as “the encom- 
passing human science” and, 
more specifically, why had a 
new generation apparently 
turned its back on the accumu- 
lated knowledge of human di- 
versity that had once been the 
discipline’s stock in trade? The 
New Science of the Enchanted 
Universe, completed with the 
help of friends and family in 
Sahlins’s final months, is in 
many ways the continuation of 
that argument, albeit recast in 
a more conventional scholarly 
form, with considerable erudi- 
tion (and no little humor). 

The New Science, which 
takes its title in a mildly ironic homage to 
the philosopher Giambattista Vico, was origi- 
nally conceived of as the introductory volume 
in a trilogy. The other two volumes, on “En- 
chanted Economics” and “Cosmic Politics,” 
will presumably never appear. Although this 
is a loss, there is no doubt that Sahlins’s New 
Science can stand alone as a characteristically 
feisty final statement from one of the greatest 
anthropologists of the past century. 

The book is animated by a strong central 
premise: that most human beings for most of 
our known history inhabited cultural worlds 
in which nonhuman entities—spirits, gods, 
or Sahlins’s preferred terms, “metapersons” 
and “metahumans’—played a constant and 
decisive part in human affairs. Our ability to 
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acknowledge and understand this state of af- 
fairs is inhibited, often fatally, he argues, by 
the intellectual biases that have accompanied 
the world-historical shift from “immanent” 
understandings of divinity in the world to 
“transcendental” perspectives that displace 
divinity to another world with less direct en- 
gagement in everyday human affairs. That 
shift, which saw the birth of universalist re- 
ligions, was characterized by the philosopher 
Karl Jaspers as the “Axial Age,” a term that 
has spawned its own subfield in the history 
and sociology of religion. 


Sahlins is not, however, especially inter- 
ested in the historical and sociological argu- 
ments about the tension between immanent 
and transcendental tendencies in the history 
of the world religions. His use of the Axial 
Age argument is rather more limited and, 
one suspects, strategic: He uses it to group 
together examples from ancient history and 
more recent ethnography, from pre-Axial civ- 
ilizations, and from classic accounts of what 
are now thought of as Indigenous peoples. 

The ancestor whose spirit animates the 
bulk of the book is not Jaspers but rather the 
inventive but little-known British anthropol- 
ogist-archaeologist A. M. Hocart. Indeed, the 
main lineaments of Sahlins’s argument in 
The New Science, and many of the strongest 
examples he discusses, were set out earlier in 
a 2016 lecture, published as “The Original Po- 
litical Society” (7). That lecture was the first— 
and thus far only—Hocart Memorial Lecture 


The New Science of 

the Enchanted Universe 
Marshall Sahlins, 

with the assistance of 
Frederick B. Henry Jr. 
Princeton University Press, 
2022. 208 pp. 


and was republished in a brilliant collection 
of essays on kingship, co-written with Sahl- 
ins’s protégé, the late David Graeber (2). 

Hocart had argued that humans lived 
with gods before they lived with kings and 
that the beginnings of complex adminis- 
trative orders lay in complex ritual orders, 
which only later became adapted to the 
process we would recognize as government. 
This provides the blueprint for Sahlins’s 
delineation of the main features of his en- 
chanted universe, the world as lived and un- 
derstood by most humans most of the time. 
Sahlins’s account runs across 
four thematic chapters on 
human finitude, immanence, 
metapersons, and what he 
calls the “cosmic polity.” 

The book’s examples come 
from classic work by earlier 
anthropologists and _histori- 
cal cases taken from Sahlins’s 
wide and sometimes surpris- 
ing reading, supplemented by 
more recent work from Mel- 
anesia and Amazonia. Those 
two regions have been the fa- 
vored sites of what has become 
known as the “ontological 
turn” in recent anthropology, 
a call to recognize the strong 
ontological claims implicit 
in other peoples’ accounts of 
their worlds. Sahlins echoes 
the common rhetorical claim in this more 
recent literature that other anthropologists 
fail to take other people’s claims about the 
world seriously. He does not, however, fol- 
low some other anthropologists who have 
been gleefully finding evidence of immanent 
reenchantment in the most unlikely of mod- 
ern settings (3). 

Famous for his aphorisms, Sahlins once 
claimed there were two certainties: “In the 
long run, we all die and we are all wrong. 
A good career is when the former happens 
before the latter.” Readers will relish the op- 
portunity that The New Science provides to 
test that generalization. © 
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Dense tree plantations are vulnerable to wildfires, as shown by this pine and spruce forest in Sweden, which burned in a 2014 megafire. 


Edited by Jennifer Sills 


Tree planting goals must 
account for wildfires 


Grassroots movements such as the 
Trillion Tree Campaign (7) and inter- 
national policies such as the EU 
Biodiversity Strategy for 2030 (2) aim to 
mitigate climate change through ambi- 
tious tree planting objectives. However, 
tree planting targets could produce coun- 
terproductive side effects (3), including 
an increase in the amount and continu- 
ity of fuels, a key driver of large fires in 

a warming world (4, 5). Drier weather, 
coupled with afforestation dominated by 
extensive, dense, even-aged, monospe- 
cific conifer or eucalypt plantations, has 
already promoted megafires in places like 
Chile and Portugal (6), and burnt areas 
are more likely to reburn when postfire 
management includes extensive refor- 
estation instead of natural regrowth (7). 
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Reforestation programs should prioritize 
the mitigation of fire risks. 

Strategies to combat climate change 
through tree planting—whether through 
plantations or through restoring native veg- 
etation—should address how the changes in 
composition and configuration of landscapes 
can affect fire propagation. Plans should 
favor landscape mosaics, heterogeneous and 
fragmented stands rather than large and 
homogeneous ones, vertical vegetation dis- 
continuities that prevent surface fires from 
spreading to crowns, high species diversity, 
low-flammability species, and low plant 
densities throughout the life span of planted 
trees (8). In addition, decisions about which 
tree species to plant should prioritize natu- 
ral resilience to future fires, which are likely 
to occur at large spatial and temporal scales 
under warming conditions (9). In many 
places, native resprouting species would 
meet these criteria. 

Many ongoing land management efforts 
aim to help adapt ecosystems to climate 
change by selecting species adapted to 


projected future climate (10). Preparing for 
the likely increases in frequency, severity, 
and extent of future wildfires is at least as 
important. Rather than targeting a specific 
number of trees, reforestation programs 
should account for factors like the potential 
for the planted trees to capture carbon in 
the long term, considering the influence 

of feedbacks between planting and altered 
fire patterns (5). Revegetation that does not 
consider these processes may accentuate 
the risk of megafires and thereby abruptly 
release large amounts of carbon, reduce 
vegetation cover, and increase the risk of 
ecosystem collapse. 


Alexandro B. Leverkus™*, Simon Thorn’, 

David B. Lindenmayer®, Juli G. Pausas* 
1Departamento de Ecologia, Universidad de 
Granada, 18071 Granada, Spain. Field Station 
Fabrikschleichach, Department of Animal Ecology 
and Tropical Biology, Biocenter, University of 
Wurzburg, 96181 Rauhenebrach, Germany. ?Fenner 
School of Environment and Society, The Australian 
National University, Canberra, ACT 2601, Australia. 
4Centro de Investigaciones sobre Desertificacién- 
Consejo Superior de Investigaciones Cientificas, 
46113 Montcada, Valencia, Spain. 

*Corresponding author. Email: leverkus@ugr.es 


science.org SCIENCE 


PHOTO: ALEXANDRO B. LEVERKUS 


PHOTO: HIND A. AL-ABADLEH 


REFERENCES AND NOTES 


1. Trillion Tree Campaign; www.trilliontreecampaign. 

org/. 
2. European Commission, “Biodiversity strategy for 
2030" (2020). 

3. K.D.Holl, P.H.S. Brancalion, Science 368, 580 (2020). 

4. J.G.Pausas, J. E. Keeley, Front. Ecol. Environ.19, 387 
(2021). 

5. A.Duane, M. Castellnou, L. Brotons, Clim. Change 165, 
43 (2021). 

6. S.G6mez-Gonzalez, F. Ojeda, P.M. Fernandes, Environ. 
Sci. Pol.81, 104 (2018). 

7. J.R. Thompson, T.A. Spies, L.M. Ganio, Proc. Natl. 
Acad. Sci. U.S.A. 104, 10743 (2007). 

8. A.B. Leverkus et al., Environ. Res. Lett. 16,021003 
(2021). 

9. UN Environment Programme (UNEP), “Spreading like 
wildfire: The rising threat of extraordinary landscape 
fires” (Nairobi, 2022). 

. O.Hoegh-Guldberg et al., Science 321, 345 (2008). 


ay 
=] 


10.1126/science.abp8259 


Adapt biodiversity 
targets to climate change 


Although the climate crisis is interrelated 
with biodiversity loss, the decade-old 
targets of the Convention on Biological 
Diversity (CBD) have barely addressed 
climate change impacts (J). So far, the 
post-2020 global biodiversity framework 
continues to miss opportunities: The first 
draft, released in July 2021 (2), overlooks 
climate-biodiversity interactions and 
provides no explicit solutions to antici- 
pate climate change-related risks. These 
issues persist after the latest input of sci- 
entific experts (3, 4). A post-2020 global 
biodiversity framework needs to include 
adaptation, not just mitigation, to achieve 
biodiversity goals by 2050. 

Climate impacts (such as habitat frag- 
mentation and ecological disruption) 
will escalate and interact with other 
destruction drivers (such as land degrada- 
tion and overexploitation) to constrain 
ecosystems’ integrity and functioning, 
which will threaten species survival glob- 
ally (5). Disregarding these scenarios [as 
in table 1 and figure 1.1 in (3)] will likely 
compromise the CBD’s efforts to pursue 
ambitious targets (e.g., protecting 30% of 
Earth’s surface by 2030) and to expand 
conservation dimensions by finally 
safeguarding genetic diversity. To make 
targets climate-resilient, forward-looking 
strategies need to be developed. Primarily, 
the expansion of protected areas (target 
3) should prioritize sites that can act as 
climate buffers, where pressures on spe- 
cies and ecosystems will be slowed down 
(6), and account for the adaptive genetic 
variation that can help species to cope 
with ongoing climatic and landscape 
alterations (7). Likewise, the functional 
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Air quality education in public schools 


We began our first lesson on clean air as a virtual meeting in May 2021, with more than 
350 fifth to eighth graders and six public school teachers on the screen. Most of the 
students appeared as black boxes, but as we proceeded, they began to turn on their 
cameras to ask questions. “If | use scented candles or air fresheners, does that increase 
air pollution?” one asked. We explained that these examples are indeed sources of 
particulate matter, which can be harmful if inhaled. Later, we discussed possible pollu- 
tion mitigation strategies. Although systemic solutions are needed to curb the pollution 
produced by industry and traffic, carpooling, walking to school, and creating “no idling 
zones” can all make a difference at the local level. The students were inspired to help and 
debated the merits of various ways to improve air quality in their schools and homes. 

The Clean Air Outreach Project’s goal is to increase scientific understanding and 
promote long-term behavioral changes related to environmental sustainability. We 
worked with teachers to align our presentation to the curricu- 
lum, encouraged them to enhance the atmospheric chemistry 
content in their science lesson plans, and developed hands-on 
lab experiments. In the fall of 2021, we brought the program to 
schools, some of which were located near low-cost air quality 
multisensor pods installed by our group. To take advantage of 
the community-specific data, one teacher suggested display- 
ing the air quality dashboard on the televisions in the school 
hallways. The school hoped to use the information to inform 
decisions about air quality goals and interventions. 

We were inspired to share our knowledge about air pollution after seeing the global 
improvement in air quality during the COVID-19 lockdowns. Even though the Waterloo 
area is ranked the third-fastest-growing region in Canada, it has only one air quality 
monitoring station. Increased traffic and other sources of pollution disproportion- 
ately affect sites that are not well monitored. Because children are vulnerable to the 
impacts of poor air quality, we wanted to target our outreach to them. We hope that our 
all-female university-level air quality team of first-generation Canadians will empower 
these students not only to do what they can to limit air pollution but also to consider 
following in our footsteps by pursuing careers in science. 
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connectivity of protected networks 
(milestone A.1) should establish climatic 
corridors that can ensure species’ access 
to analogous future habitats (8). These 
strategies should incorporate measurable 
indicators to support their effective imple- 
mentation and monitoring. 

Policy-makers face a crucial year to 
make a meaningful and lasting impact on 
biodiversity conservation (9). The CBD’s 
experts will meet again in June to provide 
their final recommendations to the post- 
2020 global biodiversity framework. We 
call on the experts to advocate for a pre- 
ventive biodiversity agenda that for once 
gets ahead of the climate crisis. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “Discovery of davemaoite, CaSiO,- 
perovskite, as a mineral from the lower mantle” 


Michael J. Walter, Simon C. Kohn, D. Graham 
Pearson, Steven B. Shirey, Laura Speich, Thomas 
Stachel, Andrew R. Thomson, Jing Yang 
Tschauner et al. (Report, 12 November 2021, 
p. 891) present evidence that diamond GRR- 
1507 formed in the lower mantle. Instead, 

the data support a much shallower origin 

in cold, subcratonic lithospheric mantle. 
X-ray diffraction data are well matched to 
phases common in microinclusion-bearing 
lithospheric diamonds. The calculated bulk 
inclusion composition is too imprecise to 
uniquely confirm CaSiO, stoichiometry and is 
equally consistent with inclusions observed in 
other lithospheric diamonds. 

Full text: dx.doi.org/10.1126/science.abo0882 


Response to Comment on “Discovery of 
davemaoite, CaSi0,-perovskite, as a mineral from 
the lower mantle” 


Oliver Tschauner, Shichun Huang, Munir Humayun, 
Wenjun Liu, George R. Rossman 

Walter et al. issue a number of critical com- 
ments on our Report about the discovery 
of davemaoite to the end that they believe 
to show that our results do not provide 
compelling evidence for the presence of 
davemaoite in the type specimen and 

that the hosting diamond had formed in 
the lithosphere. Their claim is based ona 
misinterpretation of the diffraction data 
contained in the paper, an insufficient 
analysis of the compositional data that dis- 
regards the three-dimensional distribution 
of inclusions, and the arbitrary assump- 
tion that Earth’s mantle shows no lateral 
variations in temperature, inconsistent with 
state-of-the-art assessments of mantle 
temperature variations and with their own 
published results. 

Full text: dx.doi.org/10.1126/science.abo2029 


Shaping the new normal 


Add your voice to Science! Our new NextGen Voices survey is now open: 

Has your institution made any positive changes based on lessons learned during the 
pandemic? If so, what is the best change and why? If not, what one change do you think 
should be made based on your own experience? 


To submit, go to www.science.org/nextgen-voices 
Deadline for submissions is 20 May. A selection of the best responses will be published 
in the 1 July issue of Science. Submissions should be 100 words maximum. Anonymous 


submissions will not be considered. 
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CLIMATE ECONOMICS 


Trade and land-use emissions 


nternational trade allows goods and services produced in one country to be consumed 
elsewhere, separating consumption from its environmental impacts. Greenhouse gas emis- 
sions from land use is one key impact. Hong et al. present estimates of land-use emissions 
embodied in global trade from 2004 to 2017. They found that 27% of all land-use emissions 
were related to agricultural products consumed in a different country from where they 

were produced. They also identified the trade relationships representing the largest transfers 

of land-use emissions, which could help target efforts to improve the sustainability of land 

use and agricultural production. The authors suggest that improving transparency by regular 

accounting of land-use emissions embodied in trade could support strategic trade adjustments 

that would mitigate land-use emissions. —AMS_ Science, abj1572, this issue p. 597 


Global shipping encourages land-use change and associated climate emissions 


to transfer to lower-income countries, even if products are exported. 


PALEOECOLOGY 
Carbon in the long view 


The influence of long-term 
fluctuations in atmospheric 
carbon dioxide (CO,) on woody 
vegetation growth is complex. 
The prevailing paradigm has 
been that it enhances growth. 
However, using a 500,000-year 
record of vegetation change at 
a site in tropical Africa, Gosling 
et al. conclude that shifts in 


SCIENCE science.org 


atmospheric CO, concentrations 
do not drive changes in woody 
cover in the tropics at the mil- 
lennial scale. Instead, long-term 
changes in moisture appear to 
have a greater effect. In the con- 
text of current climate change 
and increasing CO, concentra- 
tions, these findings suggest, at 
least for the tropics, that models 
and policies for anthropogenic 
climate change mitigation involv- 
ing enhanced CO, drawdown 


into vegetation may not be as 
effective as hoped. —AMS 
Science, abg4618, this issue p.653 


EVOLUTION 
Gene interactions 
and global fitness 


The effect of a particular muta- 
tion in a given environment often 
varies systematically with the fit- 
ness of the genetic background 


in which it arises, but there are 
different theories as to how such 
systematic trends manifest. 
Using a CRISPR gene drive sys- 
tem, Bakerlee et a/. generated 
a combinatorial yeast library 
that allowed them to test the 
effects of different combinations 
of missense mutations in 10 
genes, including essential ones. 
Using this system, the authors 
found that fitness-correlated 
trends were better explained by 
an idiosyncratic model, in which 
they emerged from just a few 
interactions between specific 
loci, than they were by a global 
epistasis model, in which the 
effects of mutations were gener- 
ally mediated by background 
fitness. -MAF 

Science, abm4774, this issue p. 630 


VACCINES 
An Epstein-Barr virus 


vaccine 

Epstein-Barr virus (EBV) infec- 
tion has been associated with 
infectious mononucleosis, 
human cancers, and, most 
recently, the development 

of multiple sclerosis. Thus, a 
vaccine to prevent infection 
with EBV would be broadly 
beneficial for human health. 
Wei et al. developed and tested 
two bivalent EBV vaccines that 
targeted three or four viral 
glycoproteins that mediate EBV 
cell entry into epithelial cells 
and B cells. The nanoparticle 
vaccines gH/gL+gp350D,,, and 
gH/gL/gp42+gp350D,,,. elicited 
immune responses in mice, fer- 
rets, and nonhuman primates. 
Passive transfer of serum from 
vaccinated mice into humanized 
mice also conferred protection 
against EBV, supporting the 
further development of these 
bivalent nanoparticle vaccines. 
—CSM 

Sci. Transl. Med. 14, eabf3685 (2022). 


CATALYSIS 
Zinc’s state in methanol 
synthesis 


Methanol can be synthesized 
from carbon monoxide (CO), 
carbon dioxide (CO,), and 
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molecular hydrogen (H,) over 
copper-zinc (Cu—Zn) catalysts, 
but studies have disagreed 
about the chemical state of 
Zn. Although x-ray photoelec- 
tron spectroscopy (XPS) can 
determine its oxidation state, 
many studies have been limited 
to reaction pressures of a few 
millibar, where the rates are low. 
Amann et al. performed XPS at 
180 to 500 millibar for CO, and 
CO hydrogenation over a Zn/ 
ZnO/Cu(211) surface at high 
turnover rates. Stoichiometric 
mixtures of CO, and H, formed 
ZnO, but for CO and H,, Zn 
became more metallic and 
formed Cu alloys. In industrial 
synthesis, CO, and H, are mixed 
with CO, and the presence of 
CO would generate Cu-Zn alloy 
sites active for CO, reduction to 
methanol. —PDS 

Science, abj7747, this issue p. 603 


Bioinspired frequency 
dampening 

Physical activity can interfere 
with the measurement of 
physiological signals and often 
requires band-pass filtering to 
remove the artifacts. Park et 
al. drew inspiration from the 
viscoelastic properties of the 
cuticular pad of spiders that 
can separate target vibration 
signals from mechanical noise. 
The authors developed a gela- 
tin—chitosan hydrogel damper 
that will absorb frequencies 
below 30 hertz, whereas higher 


a wv 
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frequencies transmit due to 
the temporary disruption of 
the weak internetwork bonds 
in the hydrogel. The hydrogel 
can be used to detect electro- 
physiological signals such as 
electroencephalograms and 
electrocardiograms without 
interference caused by the 
patient's walking or breathing. 
—MSL 

Science, abj9912, this issue p.624 


Visualizing motion of 
quantized vortexes 


A quantized vortex is a mani- 
festation of the macroscopic 
quantum nature of superfluid 
helium and is essential for 
understanding its physics. 
Minowa et al. generated silicon 
nanoparticles in situ in super- 
fluid helium by laser ablation and 
found that they were attracted to 
the cores of quantized vortices. 
By illuminating a light sheet to 
the silicon nanoparticles, the fila- 
ments of the quantum vortices 
were visualized. Monitoring the 
motion of two quantized vortex 
filaments, the authors observed 
the reconnection process of 
these filaments. The interaction 
of light and superfluid helium 
through silicon nanoparticles 
could be used to investigate and 
even manipulate the physical 
properties of superfluid helium 
using light in future experiments. 
—RO 
Sci. Adv. 10.1126/ 
sciadv.abn1143 (2022). 
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A hydrogel coating suppresses the elastic collision of a ball on a hard surface at 
high temperature (bottom) but less so at cool (middle) or cold (top) conditions. 
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The ER controls 
microtubule distribution 


The endoplasmic reticulum 
(ER) and microtubules form an 
intricate, mechanically interde- 
pendent network within cells. 
Although the microtubule cyto- 
skeleton influences the shape of 
he ER, whether the ER affects 
he distribution of microtubules 
s less clear. Tikhomirova et al. 
combined automated quantita- 
tive fluorescence microscopy, 
computer vision, and physics- 
based modeling and found 

that changes in ER shape and 
dynamics had a strong impact 
on the spatial distribution 

of microtubules in the cell. 
Perturbations that affected 

ER morphology at three-way 
ER tubule junctions led to the 
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bundling of microtubules. Thus, 
the ER and microtubules should 
not be treated as isolated cel- 
lular structures because they 
appear to be highly interde- 
pendent, with the ER having a 
central role in controlling the 
distribution of microtubules. 
—SMH 

Proc. Natl. Acad. Sci. U.S.A. 119, 

e€2104309119 (2022). 


Deporting criminals, 
spreading crime 

Under the 1996 Illegal 
Immigration Responsibility Act, 
the United States substantially 
increased criminal deportations. 
Sviatschi shows that the depor- 
tations of members of large 
gangs formed in the United 
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observations would show that 
the region is seismically active 
and that the methodology could 
be useful for detecting other 
seismic events on the planet. 
—BG 

Nat. Commun.13, 1695 (2022). 


FILOVIRUSES 
Isolation of Lloviu virus 


iloviruses such as Ebola and 
Marburg are a perennial source 
of anxiety for zoonotic transfer. 
The human populations gener- 
ally thought to be at risk 
of filovirus exposure are in sub- 
Saharan Africa. However, in 2002, 
the Lloviu filovirus was first identified 
from amass die-off of Schreiber’s 
bats (Miniopterus schreibersii) in 
northern Spain. Kemenesi et al. 
report the isolation and sequencing of 
Lloviu filovirus from bats in Hungary. 
During 2016-2020, surveillance 
found Lloviu virus in dead and live 
cave-dwelling bats and in their blood- 
engorged ectoparasites. Antibody 
testing detected nine seropositive 
bats out of 74 live bats and overall 
on-site RT-PCR detected four posi- 
tives among 351 live bats sampled. 
Although Lloviu virus can infect 
several human cell lines, unlike Ebola 
virus, recombinant Lloviu virus does 
not initiate immune signaling in 
macrophages and may be nonpatho- 
genic to humans, like the Ebola virus 
relative Reston filovirus. —CA 
Nat. Commun. 13, 1706 (2022). 


The skeleton begins 
Most of the vertebrate skel- 
eton solidifies following a softer 
cartilaginous template that 
develops from mesenchymal 
cells that have aggregated into 
precartilaginous condensations. 
The shape of the early mesen- 
chymal condensates dictates the 
shape of the final bone. Paudel 
et al. traced cell lineages through 
mesenchymal cell condensa- 
tions as they formed in the 
developing zebrafish to build the 
facial skeleton. The locations of 
mesenchymal condensations are 
defined by intersecting pro- and 
anticondensation signals within 
early developing tissue. The 
authors suggest that signals from 
the adjacent epithelium might 
define positions of the initial mes- 
enchymal condensations, and 
that maturation to the precarti- 
laginous state might follow as cell 
proliferation drives daughter cells 
away from the epithelium. —PJH 
Dev. Biol. 486, 44 (2022). 


Lloviu filovirus has been isolated from 
Schreiber’s bat (Miniopterus schreibersii) 
in Hungary. 


proteins (mMRBPs) that bind 
to mRNAs and regulate their 
translation into functional 
proteins. Although such mRBPs 
may outnumber transcription 
factors, we know much less 
about how they are regulated 
by signaling pathways. Vieira- 
Vieira et al. addressed how 
phosphorylation regulates 


phosphorylation affects its 
nucleocytoplasmic localiza- 
tion. -VV 


States by Salvadorans led to 

a major increase in homicide 
rates and gang activity such as 
drug trafficking and extortion in 
El Salvador. Gang recruitment 
of children also increased in El 
Salvador: Children who were 
exposed to the US-originated 
gangs were more likely to be 
involved in gang-related crimes 


Electricity price 
fluctuations in Europe 


Both long-term trends and short- 
term fluctuations in electricity 
markets can make or break wind 
and solar producers. Weather 
patterns have strong correlations 
with electricity demand while also 


Mol. Cell 10.1016/ 
j.molcel.2022.03.024 (2022). 


Repeating marsquakes 


The single seismometer placed 
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as adults. By increasing gang 
violence in El Salvador, these 
deportations fueled an increase 
in migration of children back to 
the United States. -BW 

Amer. Econ. Rev. https://www. 


aeaweb.org/articles?id=10.1257/ 


aer.20201540&&from=f (2022). 


Regulating the regulators 
Human cells contain many mes- 
senger RNA (mRNA)-binding 


SCIENCE science.org 


mRBP function. They developed 
a method called quantitative 
RNA interactome capture and 
used it to measure the fraction 
of mMRBPs that bind to MRNA 
in relation to phosphoryla- 
tion. The authors identified 
individual sites where phos- 
phorylation affects binding 

to mRNA. Although the data 
recapitulate known regulatory 
sites, new potential regulatory 
sites were also found, includ- 
ing a splicing regulator where 


on the surface of Mars by the 
InSight mission has been in 
operation for more than 2 
years. With a combination of a 
matched-filter technique and 
Bedford's law, Sun and Tkaléi¢é 
report repetitive seismic events 
associated with the Cerberus 
Fossae region of Mars. The 
authors attribute these events 
to magma movement associ- 
ated with volcanic activity in 
upper mantle beneath Cerberus 
Fossae. If confirmed, these 
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affecting the amount of electric- 
ity that solar and wind farms 
can supply. Han et al. provide a 
detailed analysis of electricity 
prices in Europe from 2015 to 
2019, including the price fluctua- 
tions, averages, and extremes on 
time scales ranging from days to 
minutes. This work should help to 
provide a better understanding of 
the spot market electricity price 
time series. —YY 

PRX Energy 10.1103/ 
PRXEnergy.1.013002 (2022). 
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CORONAVIRUS 
Omicron and 
reinfection risk 


So far, our experience with 
pandemic coronavirus has 
been that the emergence of 
new variants is not detected 
until there has been substantial 
community transmission. Early 
in November 2021, South African 
scientists spotted reinfections 
consistent with the timing of the 
emergence of the Omicron vari- 
ant (B.1.1.529). In a population 
largely untouched by vaccines 
but widely infected, Pulliam 
et al. found that Beta or Delta 
variants rarely caused reinfec- 
tion. However, after 31 October 
2021, individuals were found 
who had had three experiences 
of infection (see the Perspective 
by Zelner and Eisenberg). The 
culprit was the rapidly emerging 
Omicron variant, with multiple 
mutations in the Spike protein. 
This variant’s chief advantage 
is its ability to evade naturally 
acquired immunity. Fortunately, 
the Omicron variant does not 
fully evade vaccine-derived 
immunity, but only those privi- 
leged to have been vaccinated 
can benefit. —CA 

Science, abn4947, this issue p. 596; 

see also abp9498, p.579 
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PHYSIOLOGY 
Understanding 


heat-induced necrosis 
Z-DNA binding protein 1 (ZBP1), 
asensor for Z—nucleic acids, is 
implicated in necrosis caused 

by heat stress in the worm 
Caenorhabditis elegans. Yuan et 
al. examined the roles of proteins 
that regulate necrosis in worms 
undergoing heat stroke. The pro- 
tein kinase receptor-interacting 
protein kinase 3 (RIPK3) led 

to activation of mixed lineage 
kinase domain-like (MLKL) and 
Caspase-8, and all were required 
for heat-induced death. ZBP1 is 
a RIPK3 and necrosis activator 
and it appeared to contribute 

to heat-induced necrosis in the 
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worms. This response did not 
require the nucleic acid—sensing 
domain of ZBP1. Transcription 
of ZBP1 was enhanced by heat 
shock transcription factor 1 
(HSF1). —LBR 

Science, abg5251, this issue p,609 


CATALYSIS 
Peroxide as needed 


Hydrogen peroxide for com- 
mercial applications is currently 
mass produced through an 
indirect process that involves 
reduction and reoxidation of a 
quinone. The trouble with mak- 
ing it straight from the elements 
is that concentrated mixtures 
of hydrogen and oxygen are 
dangerously explosive. Lewis et 
al. report that direct peroxide 
synthesis at safe concentrations 
is compatible with a current 
industrial method for produc- 
ing cyclohexanone oxime, a key 
precursor to nylon. The protocol 
could potentially offer substan- 
tial efficiency advantages for 
manufacturing a high-volume 
bulk chemical. —JSY 

Science, abl4822, this issue p.615 


QUANTUM OPTICS 
A quantum frequency 
converter 


Practical quantum tech- 
nologies require interfacing of 
several subsystems operat- 

ing in widely different spectral 
regions. However, most current 
approaches offer only very 

small frequency shifts and 
limited tunability. Tyumenev et 
al. demonstrate efficient (up to 
70%) quantum state-preserving 
photon frequency up-conversion 
by molecular modulation in 
hydrogen gas-filled antiresonant 
photonic crystal fibers (See 

the Perspective by Sokolov). 

By combining a high-intensity 
coherent pump pulse with a 
(low-intensity) quantum source 
based on parametric down- 
conversion (generating pairs 

of signal and idler photons), 

the authors show that the idler 
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photons could be up-converted 
by 125 terahertz using a 
Raman-scattering process. The 
process is general and should 
be applicable to other quantum 
sources. —ISO 

Science, abn1434, this issue p. 621; 

see also abo2358, p.575 


ICE SHEETS 


The deeper story 
Shallow, dynamic subglacial 
water systems provide lubri- 
cation that facilitates the 
movement of overlying ice. But 
are these thin layers the whole 
story? Gustafson et al. show 
that the subglacial sediments 
beneath Whillans Ice Stream in 
West Antarctica are saturated 
with a mixture of fossil seawa- 
ter and freshwater from the 
glacier (see the Perspective 
by Chu). This groundwater, 
extending downward for more 
than a kilometer, contains more 
than 10 times as much fluid 
volume as the shallow hydro- 
logic system above and actively 
exchanges with it. Therefore, it 
has the potential to modulate 
ice streaming and subglacial 
biogeochemical reactions. —HJS 
Science, abm3301, this issue p. 640; 
see also abol266, p.577 


CONSERVATION 
Population size 
and risk of extinction 


The vaquita porpoise is one of 
the most endangered ani- 
mals in the world, with only 

an estimated 10 individuals 
remaining. To determine the 
risk of extinction caused by 
inbreeding depression, Robinson 
et al. sequenced and examined 
20 vaquita genomes to deter- 
mine their heterozygosity and 
ancestral population size (see 
the Perspective by Grueber 
and Sunnucks). The authors 
determined that the long-term 
population size of vaquitas has 
been low for a marine mam- 
mal, with approximately 

1000 years of stable genomic 


diversity. Genomic comparisons 
with other cetacean species 
and modeling indicated that 
vaquitas are unlikely to suffer 
from inbreeding depression. 
Therefore, if the risk of bycatch 
mortality caused by fishermen 
can be eliminated, then there is a 
chance that this species will not 
go extinct. —LMZ 

Science, abm1742, this issue p. 635; 

see also abp9874, p.574 


ECOTOXICOLOGY 
Sunscreen turned toxic 


Coral reefs face many serious 
threats from human activity. 
Sunscreens can cause reef 
damage, and although the 
precise mechanisms involved 
are still under study, some 
localities have already phased 
out common components such 
as oxybenzone. Using a sea 
anemone as a model system, 
Vuckovic et al. found that 
oxybenzone is modified within 
cells by attachment of glucose, 
turning it from a sunscreen into 
a potent photosensitizer (see 
the Perspective by Hansel). The 
glycoside conjugate is concen- 
trated within the algal symbionts 
of anemones and corals, and 
bleached anemones are more 
susceptible to damage when 
exposed to ultraviolet light and 
oxybenzone, suggesting that the 
algae provide some protection to 
their hosts. These experiments 
add to our understanding of reef 
damage by sunscreens and may 
help to inform policy and new 
sunscreen development. —MAF 
Science, abn2600, this issue p. 644; 
see also abo4627, p.578 


FERROELECTRICS 
Ultrathin 
ferroelectric films 


The electrical properties of 
ferroelectrics can be changed 
with an electric field, making 
them attractive materials for 
computer hardware applica- 
tions. Cheema et al. show that 
extremely thin films of zirconium 
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dioxide ona silica substrate have 
ferroelectric order down to the 
unit cell scale. Whereas in many 
other materials the ferroelectric 
behavior is suppressed at the 
few-nanometer scale, a ferro- 
electric phase transition occurs 
if zirconium dioxide is thinner 
than two nanometers. This 
property might be true for any 
fluorite-structured binary oxide, 
making these types of thin films 
attractive for next-generation 
electronics. —BG 

Science, abm8642, this issue p. 648, 


INNATE IMMUNITY 
MARCHing against cGAS 
activation 


The binding of microbial or 
host DNA induces the cyto- 
solic enzyme cyclic GMP-AMP 
synthase (cGAS) to generate the 
cyclic nucleotide cyclic GMP- 
AMP (cGAMP), which leads to 
the production of type | interfer- 
ons (IFNs). Yang et al. found that 
ubiquitylation of cGAS by the E3 
ubiquitin ligase MARCH8 sup- 
pressed the DNA-binding ability 
of cGAS. This posttranslational 
modification decreased the 
production of cGAMP and type 
| IFN, thereby impairing innate 
immune responses. Compared 
with their wild-type counter- 
parts, mice deficient in MARCH8 
had enhanced IFN responses to 
the DNA virus HSV-1. —JFF 

Sci. Signal. 15, eabk3067 (2022). 


ANTIBODIES 


IgG3 hinge packs a punch 
In addition to their extracellular 
functions in host defense, immu- 
noglobulin G (IgG) antibodies 
bound to viruses can collaborate 
with the cytosolic Fc receptor 
TRIM21 to target and degrade 
intracellular viruses. Foss et al. 
investigated the role of the elon- 
gated and flexible hinge region 
of human |gG3 in delivering the 
most potent intracellular killing 
of adenovirus among the four 
human IgG subclasses. Use of 
the IgG3 hinge as a substitute 
for the hinge region of immu- 
noglobulins from the other IgG 
subclasses was sufficient to 
confer enhanced intracellular 
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virus degradation and comple- 
ment activation dependent on 
TRIM21. These findings provide 
fresh insights into how thera- 
peutic monoclonal antibodies 
can be custom tailored through 
targeted engineering of the 
hinge portion of the Fc fragment 
to boost their antiviral effector 
activity inside cells. —IRW 

Sci. Immunol. 7, eabj1640 (2022). 


CONSERVATION BIOLOGY 
Good governance protects 


protected areas 


When habitats degrade, those 
whose livelihoods depend on 
them can suffer irreparably. 
Designating such habitats as 
protected areas can, at least 
in theory, reduce degradation 
while safeguarding livelihoods. 
In practice, however, this does 
not always work. Making use of 
an unprecedented set of long- 
term data on marine protected 
and unprotected habitats in 
Indonesia, Fidler et al. uncov- 
ered the keys to success. 
When governance is inclusive, 
attentive to socioeconomic and 
cultural conditions, and ensures 
that vulnerable groups are not 
marginalized, protected areas 
work: the proverbial win-win in 
conservation. —SN 
Sci. Adv. 10.1126/ 
sciadv.abl8929 (2022). 


MICROBIOLOGY 
Understanding bacterial 
communities 


Communities of bacteria 
exhibit a variety of interac- 
tions, including competition 
between species and coop- 
eration, whereby two species 
benefit from interacting with 
each other. These interactions 
are important for determin- 
ing the ecology of bacterial 
communities, so they may lend 
themselves to manipulations 
such as engineering a highly 
competitive bacterial strain that 
can outcompete a pathogen. 
Ina Perspective, Palmer and 
Foster discuss the prevalence 
of cooperation versus com- 
petition in various bacterial 


communities and how work in 

this area may inform future anti- 

bacterial strategies. —GKA 
Science, abn5093, this issue p.581 


WETLAND ECOLOGY 
Restoring wetlands 


for carbon 


Wetlands disproportionately 
contribute to carbon seques- 
tration globally. However, the 
ability of wetlands to store 
carbon depends on feedbacks 
between vegetation and geo- 
morphology that allow wetlands 
to continue to develop over long 
time periods. When these feed- 
backs break down, wetlands 
can become carbon sources. 
Temmink et al. reviewed recent 
research on the role of plant- 
landform interactions in wetland 
carbon storage and the poten- 
tial for restoration to restore 
these critical processes. —BEL 
Science, abn1479, this issue p.594 


NEUROSCIENCE 
The neural basis of 
cognitive control 


What are the neural mecha- 
nisms that enable humans to 
flexibly control and monitor 
their own actions in various 
non-routine and novel tasks? 
Fu et al. recorded the activity of 
more than 1000 neurons in the 
medial frontal cortex of human 
epilepsy patients while they 
performed complex cognitive 
tasks. They found that domain- 
general and domain-specific 
performance-monitoring 
neurons were intermixed within 
this brain region. The population 
activity gave rise to a geometry 
that allowed domain-general 
signals to be read out with more 
than 90% accuracy on single 
trials while at the same time 
retaining the ability to separate 
different conflict conditions. 
These results show how the 
human medial frontal cortex 
resolves the fundamental trade- 
off between task generalization 
and specialization, which is 
critical for cognitive flexibility. 
—PRS 

Science, abm9922, this issue p. 595. 
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Recovering wetland biogeomorphic feedbacks 
to restore the world’s biotic carbon hotspots 
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Johan van de Koppel, Robin Lexmond, Max Rietkerk, Brian R. Silliman, 


Hans Joosten, Tjisse van der Heide* 


BACKGROUND: Evaluating effects of global 
warming from rising atmospheric carbon 
dioxide (CO.) concentrations requires resolving 
the processes that drive Earth’s carbon stocks 


and flows. Although biogeomorphic wetlands 
(peatlands, mangroves, salt marshes, and sea- 
grass meadows) cover only 1% of Earth’s surface, 
they store 20% of the global organic ecosystem 
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Carbon storage in biogeomorphic wetlands. Organic carbon (A) stocks, (B) densities, and (C) sequestration 
rates in the world's major carbon-storing ecosystems. Oceans hold the largest stock, peatlands (boreal, 
temperate, and tropical aggregated) store the largest amount per unit area, and coastal ecosystems 
(mangroves, salt marshes, and seagrasses aggregated) support the highest sequestration rates. (D and 

E) Biogeomorphic feedbacks, indicated with arrows, can be classified as productivity stimulating or 
decomposition limiting. Productivity-stimulating feedbacks increase resource availability and thus stimulate 
vegetation growth and organic matter production. Although production is lower in wetlands with 
decomposition-limiting feedbacks, decomposition is more strongly limited, resulting in net accumulation 

of organic matter. (D) In fens, organic matter accumulation from vascular plants is amplified by productivity- 
stimulating feedbacks. Once the peat rises above the groundwater and is large enough to remain waterlogged 
by retaining rainwater, the resulting bog maintains being waterlogged and acidic, resulting in strong 
decomposition-limiting feedbacks. (E) Vegetated coastal ecosystems generate productivity-stimulating feed- 
backs that enhance local production and trapping of external organic matter. 
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carbon. This disproportionate share is fueled 
by high carbon sequestration rates per unit area 
and effective storage capacity, which greatly 
exceed those of oceanic and forest ecosystems. 
We highlight that feedbacks between geo- 
morphology and landscape-building wetland 
vegetation underlie these critical qualities and 
that disruption of these biogeomorphic feed- 
backs can switch these systems from carbon 
sinks into sources. 


ADVANCES: A key advancement in under- 
standing wetland functioning has been the 
recognition of the role of reciprocal organism- 
landform interactions, “biogeomorphic feed- 
backs.” Biogeomorphic feedbacks entail self- 
reinforcing interactions between biota and 
geomorphology, by which organisms—often 
vegetation—engineer landforms to their own 
benefit following a positive density-dependent 
relationship. Vegetation that dominates major 
carbon-storing wetlands generate self-facilitating 
feedbacks that shape the landscape and amplify 
carbon sequestration and storage. As a result, 
per unit area, wetland carbon stocks and se- 
questration rates greatly exceed those of ter- 
restrial forests and oceans, ecosystems that 
worldwide harbor large stocks because of their 
large areal extent. 

Worldwide biogeomorphic wetlands experi- 
ence human-induced average annual loss rates 
of around 1%. We estimate that associated car- 
bon losses amount to 0.5 Pg C per year, levels 
that are equivalent to 5% of the estimated 
overall anthropogenic carbon emissions. Be- 
cause carbon emissions from degraded wet- 
lands are often sustained for centuries until 
all organic matter has been decomposed, con- 
serving and restoring biogeomorphic wetlands 
must be part of global climate solutions. 


OUTLOOK: Our work highlights that biogeo- 
morphic wetlands serve as the world’s biotic 
carbon hotspots, and that conservation and 
restoration of these hotspots offer an attractive 
contribution to mitigate global warming. Re- 
cent scientific findings show that restoration 
methods aimed at reestablishing biogeomor- 
phic feedbacks can greatly increase establish- 
ment success and restoration yields, paving 
the way for large-scale restoration actions. 
Therefore, we argue that implementing such 
measures can facilitate humanity in its pur- 
suit of targets set by the Paris Agreement and 
the United Nations Decade on Ecosystem 
Restoration. m 
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WETLAND ECOLOGY 


Recovering wetland biogeomorphic feedbacks 
to restore the world’s biotic carbon hotspots 


Ralph J. M. Temmink'?3*, Leon P. M. Lamers*, Christine Angelini®, Tjeerd J. Bouma 


6,7,8,9 
, 


Christian Fritz®?°, Johan van de Koppel®”, Robin Lexmond™, Max Rietkerk’, Brian R. Silliman’, 


Hans Joosten”’, Tjisse van der Heide*”* 


Biogeomorphic wetlands cover 1% of Earth’s surface but store 20% of ecosystem organic 
carbon. This disproportional share is fueled by high carbon sequestration rates and effective 
storage in peatlands, mangroves, salt marshes, and seagrass meadows, which greatly exceed 
those of oceanic and forest ecosystems. Here, we review how feedbacks between geomorphology 
and landscape-building vegetation underlie these qualities and how feedback disruption can 
switch wetlands from carbon sinks into sources. Currently, human activities are driving rapid 
declines in the area of major carbon-storing wetlands (1% annually). Our findings highlight the 
urgency to stop through conservation ongoing losses and to reestablish landscape-forming 
feedbacks through restoration innovations that recover the role of biogeomorphic wetlands 


as the world’s biotic carbon hotspots. 


lobal warming, resulting from rapidly 
rising atmospheric carbon dioxide (CO.) 
concentrations since the Industrial 
Revolution, has increasingly drawn 
attention toward understanding and 
quantifying the processes that drive Earth’s 
carbon stocks and flows (/, 2). Burial of or- 
ganic matter remains the largest carbon se- 
questering process on the planet, rivaled only 
by the ocean’s inorganic carbon solubility 
pump (3, 4). Although wetlands cover just 2% 
of Earth’s surface (5), they store more than 
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20% of global organic ecosystem carbon (all 
live and dead organic matter from terrestrial, 
freshwater, and oceanic systems combined) 
(4, 6). Moreover, wetland carbon sequestration 
rates can be orders of magnitude higher as 
compared with those of terrestrial and oceanic 
ecosystems (7). Recent work has addressed 
the importance of wetlands as natural cli- 
mate solutions and the cost-effectiveness of 
their restoration (8, 9). However, restoring 
carbon storage functions requires an under- 
standing of the mechanisms that underlie 
their large carbon stocks and high seques- 
tration rates. 

An important advancement in understanding 
wetland functioning has been the recognition 
of the key role of reciprocal organism-landform 
interactions: so-called biogeomorphic feed- 
backs (0, 17). Biogeomorphic feedbacks entail 
self-reinforcing interactions between biota and 
geomorphology, by which organisms—often 
vegetation—engineer landforms through posi- 
tive density-dependent relationships. Here, we 
focus on the major wetlands that are shaped 
by such vegetation-geomorphology feedbacks: 
(i) peatlands, where vegetation retains water 
by preventing lateral and vertical seepage, 
yielding landforms shaped by vertical and 
horizontal peat accretion (12), and (ii) coastal 
wetlands—including seagrass meadows (13), 
salt marshes (10), and mangroves (/4)—where 
vegetation traps suspended particles from the 
water and stabilizes underlying soils to form 
elevated landscape features. Although it has 
been known for two centuries that vegetation- 
driven feedbacks shape “biogeomorphic wet- 
lands” (15), the role of these feedbacks in 
controlling carbon sequestration and storage 
have received insufficient attention. 
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In this Review, we first compare the carbon 
stocks and sequestration rates of the three 
major carbon-storing ecosystems—oceans, 
forest, and wetlands—after which we high- 
light how vegetation-geomorphology feed- 
backs shape wetland landscapes and their 
role as global carbon hotspots. We summarize 
how anthropogenic disruption transforms 
these carbon sinks and stocks into sources 
and highlight how implementing new resto- 
ration designs aimed at jumpstarting and 
sustaining biogeomorphic feedbacks may 
improve carbon sequestration. 


Comparing organic carbon stocks and 
sequestration rates between ecosystems 


Our literature-based compilation highlights 
that the major carbon-storing wetlands store 
the bulk of their organic carbon as soil organic 
matter, whereas oceans and forests hold most 
of their carbon in the water layer and living 
biomass, respectively (Fig. 1A) (16). Although 
oceans and forests hold massive amounts of 
organic carbon because of their large spatial 
extent, their area-specific carbon density (car- 
bon stock per unit area) is smaller compared 
with that of biogeomorphic wetlands (Fig. 1B). 
Carbon density is highest in peatlands (1000 
to 2000 Mg C ha), followed by mangroves 
(900 Mg C ha”), salt marshes (400 Mg C ha”), 
and seagrass meadows (330 Mg C ha’). Car- 
bon density is lower in terrestrial forests (150 to 
230 Mg C ha’) and much lower in the oceans 
(2.4 Mg C ha‘) (17, 18). 

Recent sequestration rates of internally and 
externally produced organic carbon per unit 
area over the past 10 to 125 years are higher 
in tropical peatlands (200 g C m ® year") as 
compared with their boreal (100 g Cm” year’) 
and temperate (120 g C m ® year *) counter- 
parts (Fig. 1C). Average salt marsh and mangrove 
sequestration rates (250 and 200 g Cm year", 
respectively) may outpace or equal those of 
tropical peatlands, and seagrass meadows 
bury 150 g Cm ” year’, which is more than 
boreal and temperate but less than tropical 
peatlands (7, 19). For coastal ecosystems, 
100 g Cm ° year * originates from external 
(such as riverine and marine) sources, which 
gets trapped and buried (20-23). All of these 
vegetated wetland rates are higher than those 
of terrestrial forests and oceans, where net 
sequestration rates are below 50 g Cm year * 
(Fig. 1C). Intact vegetated coastal wetlands 
and freshwater peatlands worldwide currently 
sequester 0.7 Pg C year’, equaling 6% of the 
total annual global anthropogenic carbon emis- 
sions (which were estimated in 2019 to be 
11.5 Pg C) (4). 


Biogeomorphic feedbacks shape wetland 
carbon storage hotspots 


In 45% of all wetlands worldwide, biogeo- 
morphic feedbacks shape landscape formation 
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Fig. 1. Overview of the world’s major 
carbon-storing ecosystems. (A) Global 
total carbon stocks. (B) Carbon densities. 
(C) Modern-day carbon sequestration rates. 
Oceans hold the largest stocks globally 

in the form of dissolved organic carbon 
(DOC; >97% of the carbon pool), whereas 
peatlands store the largest amounts of 
carbon per unit area. Coastal ecosystems 
generate the highest modern-day sequestra- 
tion rates (mean rate over the past 10 to 
125 years) by storing both locally and 
externally derived organic matter. This 
process, however, may become self-limiting 
when sediment elevation outpaces sea 

level rise, which is unlikely under current 
climate change. In addition, damage 

from stochastic disturbances such as storm- 
induced erosion can also limit long-term 
storage. Error bars in (B) and (C) indicate 
SD; black dots (or numbers when they 

fall outside the y axis) depict observed 
maxima. We could not calculate uncertainties 
for the ocean because these values were 
calculated from global estimates (16). 

Data were generally collected from recent 
synthesis studies per ecosystem type 

(16). Carbon sequestration rates are from 
periods ranging from 10 to 125 years (recent 
apparent rate of carbon accumulation, 
which are higher than long-term rates 

over ~10,000 years because of continued 
decomposition of accumulated matter) 

(36). References and methodological 

details are provided in table S1 (16). 

[Figure design: Ton A. W. Markus] 


Modern-day carbon 


and carbon capture and storage processes 
(Fig. 2 and Table 1) (5). Two overarching types 
of feedbacks control the ability of biogeomor- 
phic wetlands to capture and store carbon. In 
wetlands driven by “productivity-stimulating” 
feedbacks, landscape formation and carbon 
storage are enhanced by feedback processes that 
increase resource availability and thus stimulate 
vegetation growth and organic matter produc- 
tion. In wetlands shaped by “decomposition- 
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limiting” feedbacks and consequent nutrient 
immobilization, production is slower, but be- 
cause decomposition is more strongly limited, 
organic matter can accumulate in such wet- 
land soils (Fig. 2). 


Peatlands 

Peatlands are effective organic carbon sinks 
in terms of long-term storage per unit area 
(Fig. 1B). Peatland landforms are shaped by 
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landscape-scale interactions between plants, 
peat, and water (12). Their formation is typ- 
ically initiated through one of two processes: 
(i) paludification and (ii) terrestrialization. 
Paludification is the process in which a change 
in the hydrological balance shifts a previously 
drier, vegetated, and inorganic soil terres- 
trial ecosystem toward a peat-accumulating, 
biogeomorphic wetland ecosystem (24). By 
contrast, terrestrialization occurs in aquatic 
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Fig. 2. Conceptual representation 


Peatlands 


Boreal/ 


temperate 


of the formation of carbon- 
storing biogeomorphic wetlands. 
Density-dependent processes 
underlying biogeomorphic 
feedbacks can be classified 

as productivity-stimulating or 
decomposition-limiting. (A) Peatland 
formation is initiated through either 
terrestrialization or paludification. 
Terrestrialization of aquatic systems 
by accumulation of organic matter 
from vascular plants is amplified by 
productivity-stimulating feedbacks 
in fens, whereas paludification 


Coastal wetlands 


Ageing 


C2 


Bog 


Tropical 


initiates directly over mineral soil. c 
(B) Once the peat surface rises 
above the groundwater level, and the 
peat is large enough to remain 
waterlogged by retaining rainwater, 
the resulting bog maintains water- 
logged and acidic conditions, 
esulting in strong decomposition- 


coastal ecosystems (Seagrass 
meadows, mangroves, and salt 
marshes) generate productivity- 
stimulating feedbacks that stimulate 
local production and substrate 
building. (D) This process can 
become self-limiting as the system 
ages because increasing sediment 
elevation limits further development 
when this process outpaces sea level 
rise. This is not a comprehensive 
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representation of all feedbacks. Boxes with vegetation indicate dominant vegetation type in boreal or temperate and tropical wetlands, respectively. [Figure design: 
Ton A. W. Markus. Symbols are from Integration and Application Network, IAN Image Library (https://ian.umces.edu/imagelibrary) ] 


Table 1. Global extent (million hectares) of (near) natural biogeomorphic wetlands, lost or degraded (%) and the annual rate of human-induced 
losses (% year™). The range shows minimum to maximum and the central value (square brackets). 


Ecosystem Climate zone 


Peatland 


Boreal* 


Seagrass meadow Temperate and tropical 


*Data includes polar and boreal peatlands. 


Global extent 
(million hectare) degraded (%) 


386 (1707) 


18 to 60 [39] 29% 


Annual loss rate 
(% year”) 


0% (0.9%) 


Lost or 


4% (15%) 


64 36 (i BIN 


increasing in extent owing to rewetting and restoration of degraded or drained peatlands (~300,000 ha in total). 


systems, such as shallow lakes, when organic 
matter deposition outpaces its decomposition 
in the anoxic environment, resulting in the 
gradual in-filling of the water basin over time 
(25). As the waterbody accretes organic matter, 
it transitions into a “fen,” a peatland under the 
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influence of ground or surface water and often 
dominated by emergent fast-growing vascular 
plants such as grasses, rushes, and sedges 
(25). In fens, plant growth is supported by a 
productivity-stimulating positive feedback in 
which the vegetation’s root mat traps and fixes 
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Global extent Loss/degraded Annual loss rate 
data source 


data source data source 


(60) (60) (90) 


(94) (62) (74) 


Circa half of the boreal peatlands can be classified as permafrost peatlands (68). Their preindustrial extent was ~200 million ha, but because of 
human-induced climate warming, 15% of permafrost peatlands have been degraded at a loss rate of 0.9% since 1850, currently leaving 170 million ha. 


+Temperate peatlands are slowly 


the produced dead organic matter and main- 
tains effective water storage through large 
pores and surface oscillation (26-28). Sup- 
ported by oxygen released from the root mat, 
the labile organic matter decomposes rapidly, 
releasing nutrients that in turn stimulate plant 
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growth (29, 30). The more recalcitrant fraction 
with the highest carbon percentage, however, 
remains and accumulates (37). 

Once the peat surface rises above the ground- 
water, the system transitions into a bog in 
which decomposition-limiting feedbacks fa- 
cilitate landscape formation (72). Bogs are fed 
primarily by rainwater, which is retained with- 
in the landform by both the vegetation— 
Sphagnum moss in cool region bogs, and trees 
in the tropics—and the accumulated peat layer 
(72). The plants, and their detrital remains, 
limit lateral and vertical drainage and regulate 
evaporation. As a result, soils remain persistent- 
ly waterlogged, acidic, anoxic, and nutrient-poor; 
these conditions hamper the establishment of 
competitive species and stifle organic matter 
decomposition (72, 32-34). 

The self-reinforcing biogeomorphic feed- 
back between vegetation development, water 
retention, and peat accumulation yields a 
biogenic landscape that forms over a period 
of hundreds to thousands of years, with long- 
term peat and carbon accumulation rates of 1 to 
3mm year ‘and on average 18 g Cm” year * 
[which is lower than modern sequestration 
rates due to continued decomposition (Fig. 
1C)] (35, 36). Primary production is higher in 
tropical peatlands than boreal and temperate 
ones and is quantitatively different because of 
the production of lignin (37, 38), which allows 
for higher sequestration rates (Fig. 1C). 


Coastal wetlands 


Compared with peatlands, seagrass meadows, 
salt marshes, and mangrove forests are generally 
more productive and are driven by productivity- 
stimulating feedbacks (38, 39). Whereas peat- 
lands generally have low inputs of external 
organic C, coastal wetlands commonly receive 
organic matter from the ocean and from rivers 
and thus sequester both externally and locally 
produced organic matter (20, 40). By attenuat- 
ing currents and waves with their aboveground 
vegetation structures, coastal wetlands can 
trap large amounts of externally produced, 
suspended organic particles that end up buried 
in the root-stabilized anoxic soils (13, 47). The 
ratio of locally versus externally produced or- 
ganic matter differs widely depending on 
wetland size, vegetation, and location (20, 42), 
with close proximity to productive coastal 
waters or rivers favoring allochthonous input 
(43, 44). Moreover, large wetlands with dense 
and stiff vegetation also tend to dissipate more 
hydrodynamic energy, favoring entrapment 
of incoming particles (45, 46). Externally 
produced organic material often appears to 
be much more recalcitrant than the inter- 
nally produced fraction (47). This highlights 
that the filtering function of these wetlands 
may rival their local productivity in importance 
for carbon sequestration, because on average, 
almost 50% of all buried organic carbon origi- 
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nates from external sources, although this value 
varies with context (20-23) (Fig. 1C). 

Regardless of its origin, the presence of or- 
ganic matter in vegetated coastal wetlands 
creates a productivity-stimulating positive feed- 
back. Decomposition of labile organic matter 
fueled by radial oxygen loss from plant roots 
(48) stimulates in situ plant production, while 
the more recalcitrant fraction is stored in the 
sediment layers (40, 49). In addition, soil 
stabilization and attenuation of hydrodynamic 
forces reduce losses from uprooting and ero- 
sion during storms, while the active trapping of 
particles from the water column also increases 
water clarity (13, 50), enhancing underwater 
light availability and favoring the growth of 
seagrass meadows (13). In salt marshes and 
mangroves, the trapping of particles increases 
the bed level, reducing inundation stress (57). 
Moreover, reciprocal facilitation between coas- 
tal vegetation and associated biota can further 
amplify carbon storage (52, 53). Last, an in- 
creasing number of studies highlight the im- 
portance of landscape-scale reciprocal interactions 
between coastal ecosystems. Specifically, sea- 
grasses have been found to facilitate marsh 
and mangrove establishment through their 
attenuation of waves (54), and marshes and 
mangroves trap suspended particles to improve 
water clarify and facilitate adjacent seagrasses. 

These multiple—and in many cases, cross- 
ecosystem—productivity-stimulating biogeo- 
morphic feedbacks result in highly productive 
wetland complexes, with soils that rapidly 
accrete, both vertically and laterally, over time 
in the initial phase of development (55). In salt 
marshes, sediment accretion rates can reach 
up to 25 mm year‘, whereas in mangroves 
and seagrasses, rates can be as high as 21 and 
10 mm year ", respectively (56). As these eco- 
systems age and develop, their sediment ac- 
cumulation rates may keep pace with or even 
exceed sea level rise (current relative sea level 
rise, 0 to 10 mm year’) (57, 58). When sedi- 
ment accretion rates exceed relative sea level 
rise, local carbon accumulation levels out as the 
increasing surface elevation decreases water 
saturation (higher decomposition) and flood- 
ing frequency (lower organic matter import) 
(57, 59). 


Human-induced breakdown of feedbacks: From 
carbon sink to source 


Many biogeomorphic wetlands have been rap- 
idly deteriorating and continue to decline in 
area at rates that range from 0.4 to 3.3% per 
year, with the exception of cooler-region, boreal 
peatlands that have remained stable (Table 1). 
Salt marshes have declined by 42%, and man- 
groves and seagrass meadows have lost 35 
and 29% of their area over the past centuries, 
respectively (60-63). These losses are caused 
by habitat destruction from land-use change, 
overexploitation, eutrophication, salinization, 
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trophic cascades, and climate change-related 
extreme events such as heat waves and in- 
creased storm magnitude and frequency (64, 65). 
In the future, sea level rise will likely result 
in major loss of coastal wetlands and their 
carbon stocks, particularly in areas where 
landward migration is hampered by human 
infrastructure—a phenomenon called “coastal 
squeeze” (66). Temperate and tropical peat- 
lands have been degraded by 57 and 41% in 
their areal extent, respectively, mostly because 
of land-use changes, exploitation, and wild- 
fires (60, 67). By contrast, boreal peatlands 
have not been rapidly declining in their overall 
extent (<5% loss). However, climate change- 
driven thawing of the permafrost, which en- 
compasses about half of all boreal peatlands, 
has affected 15% of these coldest peatlands. 
The net effect of permafrost thaw on the 
climate remains unknown because permafrost 
thaw increases methane (CH,) and CO, emis- 
sions from increased decomposition rates while 
simultaneously increasing productivity and car- 
bon sequestration (68, 69). 

At present, biogeomorphic wetlands world- 
wide experience average annual loss rates of 
around 1%, with associated yearly carbon 
losses amounting to 0.5 Pg C (Table 1), which 
would account for 5% of the current anthro- 
pogenic carbon emissions (11.5 Pg C) (4). In 
contrast to the immediate carbon losses from 
logging of forests, land-use changes in bio- 
geomorphic wetlands do not necessarily result 
in the immediate removal of most carbon 
because the bulk of the carbon is stored in 
the soil (Fig. 1). Specifically, conversion of 
peatlands to agricultural land results in in- 
stant carbon loss owing to the removal of any 
aboveground biomass (70), but this is followed 
by a continued loss of soil organic carbon in 
the following century (Fig. 3) (71, 72). Loss of 
coastal wetland vegetation commonly results 
in rapid erosion and oxidation of carbon-rich 
soils because the vegetation no longer stabilizes 
the soil (73, 74). However, in regions where 
coastal wetlands are “reclaimed” under the 
protection of levees or dikes, erosion from 
currents and waves is obviously unimportant, 
causing accumulated organic matter to oxidize 
much more gradually (61). 


Conservation and restoration of 
carbon hotspots 


Our findings emphasize the importance of 
conserving and restoring biogeomorphic wet- 
lands worldwide. Conservation measures are 
particularly rewarding in peatlands, where car- 
bon densities are the highest and where carbon 
stocks lost by degradation take centuries to 
millennia to rebuild. Complementary to con- 
servation, restoration of degraded biogeomor- 
phic wetlands and their carbon storage and 
sink function should be a key element of our 
global carbon strategy. Restoration is likely to 
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Fig. 3. Carbon emissions after land-use change in biogeomorphic wetlands. Land-use change and 
(subsequent) chemical and physical erosion result in rapid carbon losses in coastal systems. “Year” indicates 
1 year loss. Although carbon losses in peatlands can also be high upon land-use change (for example, 
logging of tropical forests), they are typically lower but continue for centuries at a slower pace, resulting in 
higher overall carbon losses. “Century” indicates loss over 100 years. Error bars indicate SD; black dots 
indicate observed maxima. We assumed instantaneous emissions from biomass after land conversion. 

For coastal systems, loss of carbon after land conversion was assumed 25 to 100% after year 1 and 

63 to 100% after 100 years (74), whereas for peatlands, we applied commonly used land-use emission 


factors to calculate long-term losses (60, 72). Referen 
table S2 (16). [Figure design: Ton A. W. Markus] 


be most rewarding over shorter time scales in 
both high-carbon stock systems (where emis- 
sions can be avoided) and high-productivity 
systems (where fast sequestration takes place). 
Coastal wetlands can offer great potential for 
fast carbon accumulation by sequestering both 
externally and internally produced material on 
a time scale of years to decades (75). Although 
carbon sequestration rates of peatlands are 
slower than those in coastal systems, achieved 
gains from restoration can still be high because 
these measures reduce currently ongoing large 
emissions from these areas (72). 

Because of the benefits for carbon storage 
and other ecosystem services, conservation 
practitioners and policy-makers increasingly 
consider restoration of biogeomorphic wet- 
lands as a viable tool to counteract mounting 
losses (76, 77). At present, however, restoration 
of these systems is often ineffective (generally 
<50% success) (76) and costly compared with 
restoration of other ecosystem types. For exam- 
ple, restoration costs of terrestrial ecosystems 
such as grasslands, woodlands, and temperate 
and tropical forests range from 500 to 5000 US 
$/ha (77), with restoration scales ranging from 
<1000 to >100,000 ha (78). By contrast, restora- 
tion of vegetated biogeomorphic wetlands most 
often occurs at spatial scales of 0.1 ha to tens of 
thousands of hectares, with costs ranging from 
750 to 1,000,000 US$/ha (76, 79). An impor- 
tant issue underlying these low success rates 


and high costs is that biogeomorphic feedbacks 
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ces and methodological details are provided in 


only work beyond a certain minimum vegeta- 
tion patch size and density (80). Below these 
thresholds, unpredictable losses occur, while 
natural establishment is hampered (13, 87). 
In such cases, a so-called “Window of Oppor- 
tunity” may be required—a rare period of con- 
ditions that are particularly beneficial for 
vegetation establishment and allow vegetation 
to grow beyond the size or density threshold 
required for the biogeomorphic feedback to 
initiate and support longer-term survival (82). 

Despite the importance of facilitation by 
biogeomorphic feedbacks in wetlands, classic 
restoration approaches have been strongly in- 
fluenced by agriculture and forestry science, 
which typically plant in dispersed spatial con- 
figuration with the aim of minimizing competi- 
tion (8&3). Recent advancements now emphasize 
the importance of facilitation over competition 
in these systems. In coastal wetlands, restora- 
tion experiments demonstrate that large-scale 
approaches favor facilitative interactions and 
are therefore typically more successful (84). Sim- 
ilarly, facilitation can be harnessed at smaller 
scales by planting in clumps rather than ap- 
plying plantation-style dispersed designs, a 
change that was found to double restoration 
yields (83). Moreover, the same can be achieved 
when individual small seagrass or marsh grass 
plants are transplanted within biodegradable 
structures that temporarily mimic facilitating 
effects of larger patches, such as suppression 
of waves and sediment mobility (46, 85). Last, 
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depending on the system, it may also be pos- 
sible to artificially create a Window of Op- 
portunity with engineering measures to allow 
natural reestablishment (86). 

Similar to coastal wetlands, peatland restora- 
tion has been most successful when recovering 
natural conditions through large, landscape- 
scale rewetting measures. This is particularly 
the case for peat bogs, where inserting dams 
to restore water retention in degraded bogs 
has been successful because it creates a win- 
dow of opportunity for natural plant-hydrology 
feedbacks to reestablish (87). Sphagnum paludi- 
culture, a new form of peat bog culturing, takes 
this approach one step further; after rewetting, 
peatmosses are actively introduced at a suffi- 
cient spatial scale to overcome establishment 
thresholds and allow their sustainable harvest 
(88). Similarly, paludiculture in fens focuses 
on large-scale reintroduction and sustainable 
harvest of rapidly growing helophytes, such as 
Typha sp., thus reestablishing productivity- 
stimulating feedbacks (88). Last, recent work 
revealed that peatland rewetting strategies in 
general can be improved by striking the best 
balance between stopping sustained CO, emis- 
sions from drainage and CH, release from rewet- 
ting by optimizing the water table height (72, 89). 

On the basis of this synthesis, we argue that 
stopping biogeomorphic wetland losses through 
conservation measures is of utmost importance. 
Moreover, recent technical advancements that 
focus on recovery of landscape-forming feed- 
backs have now paved the way for large-scale 
restoration that reverts biogeomorphic wetlands 
from sources back to sinks. Therefore, we argue 
that implementation of conservation measures 
combined with restoration actions can enhance 
the role of biogeomorphic wetlands as natural 
climate solutions, facilitating humanity to reach 
the targets set by the Paris Agreement and 
the United Nations Decade on Ecosystem 
Restoration. 
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INTRODUCTION: Monitoring our own behav- 
ior without explicit feedback is a prominent 
human ability, enabling us to evaluate wheth- 
er we made an error, are experiencing conflict, 
or are in an easy or difficult task environment. 
In real-life situations, we often need to rap- 
idly learn to perform novel tasks with mini- 
mal instruction and time for practice, which 
requires domain-general performance moni- 
toring that functions “out of the box.” At the 
same time, we need to resolve unforeseen 
errors, difficulty, and other performance dis- 
turbances with task-specific measures ad 
hoc. Doing so requires domain-specific per- 
formance monitoring processes so as to im- 
prove upon and specialize task performance. 
Are there neural representations that support 
both domain-specific and domain-general per- 
formance monitoring, and if so, how are these 
requirements satisfied simultaneously? 


RATIONALE: In this work, we focused on the 
medial frontal cortex (MFC), which is known 
to serve a central role in performance moni- 
toring. We recorded from single neurons in 
the MFC while neurosurgical patients per- 
formed two tasks in which errors were caused 
by different kinds of conflict. We identified 
neurons whose responses encoded perfor- 
mance monitoring variables in one or both 
tasks and characterized the resulting high- 
dimensional neural representations supported 
by neuronal populations. Although specialization 


Representations of evaluative A 
signals in the human frontal 

cortex are both abstract and 
task-specific. (A) Recording locations. 

(B) Analysis epochs. (©) Response 

of example neuron in both tasks, 
demonstrating domain generality for 

errors (red) and no differentiation 

of different types of correct conflict 

trials (all other colors). (D) Composi- 
tionality of population-level conflict B 
representations. (E) Conflict 
probability displaces dynamics 
in neural state space. 


Stimulus on 
A 


Button press 


and generalization place different constraints 
on the structure of neural representations, our 
work suggests that the geometry of population 
activity can be configured to accommodate 
both seemingly conflicting demands. 


RESULTS: We recorded from 1431 single neu- 
rons in the MFC [dorsal anterior cingulate 
cortex (dACC) and pre-supplementary motor 
area (pre-SMA)] across 34 patients. Subjects 
were asked to press, as quickly as possible, one 
of three buttons to indicate the ink color of the 
word “red,” “green,” or “blue” (task 1, Stroop 
task) or to report the unique number among a 
string of numbers (task 2, multisource inter- 
ference task). We modeled serial performance 
of both tasks using a hierarchical Bayesian 
framework. Our models assumed that sub- 
jects maintained an internal estimate of the 
probability of encountering a certain type of 
conflict (conflict probability, or CP) and iter- 
atively updated this estimate using Bayes’ law. 
Reaction times were generated by a drift- 
diffusion model, with CP biasing the drift 
rates. These behavioral analyses showed that 
the reaction times and likelihood of making an 
error varied systematically with trial history. 
At the single-neuron level, cells encoded dif- 
ferent types of conflict, CP, and/or errors in 
one or both tasks. Individual neurons thus 
demonstrated heterogeneous task specificity 
when encoding these performance-monitoring 
variables, precluding a simplistic interpreta- 


tion of domain generality at the single-neuron 
level. At the population level, however, these 
cells formed a high-dimensional represen- 
tation with a geometry that allowed task- 
invariant decoding of all three variables on 
single trials, while at the same time allow- 
ing decoding of task-specific performance 
monitoring variables. Representations of 
conflict probability were consistent with that 
expected of the dynamics of a line attractor, 
with levels of CP stably maintained through- 
out the trial. The neural states indicating 
the presence of multiple types of conflict 
were equal to the vector sum of the states 
indicating each individual type of conflict, 
thereby revealing a compositional represen- 
tation. Lastly, retrospective representations 
of conflict served to update internal esti- 
mates of conflict probability. 


CONCLUSION: We leveraged the opportunity 
to record from the same populations of single 
neurons in the human MFC during two tasks 
to identify the structure of neural repre- 
sentations supporting performance monitor- 
ing. Population activity could be factorized 
into task identity and task-invariant dimen- 
sions that were orthogonal to each other. This 
geometry of the population activity could 
allow downstream brain regions to read out 
both domain-general and domain-specific 
signals from the same group of neurons 
and to initiate corresponding physiologi- 
cal and/or behavioral adaptations. These 
findings reveal how representations of eval- 
uative signals can be both abstract and task- 
specific and suggest a neuronal mechanism 
for estimating control demand. = 
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Controlling behavior to flexibly achieve desired goals depends on the ability to monitor one’s own 
performance. It is unknown how performance monitoring can be both flexible, to support different tasks, 
and specialized, to perform each task well. We recorded single neurons in the human medial frontal 
cortex while subjects performed two tasks that involve three types of cognitive conflict. Neurons 
encoding conflict probability, conflict, and error in one or both tasks were intermixed, forming 

a representational geometry that simultaneously allowed task specialization and generalization. 
Neurons encoding conflict retrospectively served to update internal estimates of conflict probability. 
Population representations of conflict were compositional. These findings reveal how representations 
of evaluative signals can be both abstract and task-specific and suggest a neuronal mechanism for 


estimating control demand. 


umans can rapidly learn to perform 

novel tasks given abstract rules, even 

if task requirements differ drastically. 

To achieve this, cognitive control must 

coordinate processes across a diverse 
array of perceptual, motor, and memory do- 
mains and at different levels of abstraction 
over sensorimotor representations (J-3). A 
key component of cognitive control is per- 
formance monitoring, which enables us to 
evaluate whether we have made an error, ex- 
perienced conflict, and responded quickly or 
slowly (4, 5). It provides task-specific informa- 
tion about which processes cause an error or 
aslow response so that they can be selectively 
guided (6-16). At the same time, performance 
monitoring needs to be flexible and domain- 
general to enable cognitive control for novel 
tasks (17), to inform abstract strategies [e.g., 
“win-stay, lose-switch,” exploration versus 
exploitation (78, 19)], and to initiate global 
adaptations (20-28). As an example, errors 
and conflicts can have different causes in 
different tasks (task-specific) but all signify 
failure or difficulty to fulfill an intended ab- 
stract goal (task-general); performance mon- 
itoring should satisfy both requirements. 
Thanks to its broad connectivity (29, 30), the 
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medial frontal cortex (MFC) serves a central 
role in evaluating one’s own performance and 
decisions (4, 10, 13, 16, 19, 24, 31-43). However, 
little is known about how neural representation 
in the MFC can support both domain-specific 
and domain-general adaptations. 

Specialization and generalization place dif- 
ferent constraints on neural representations 
(44, 45). Specialization demands separation 
of encoded task parameters, which can be 
fulfilled by increasing the dimensionality of 
neural representations (46, 47). By contrast, 
generalization involves abstracting away details 
specific to performing a single task, which can 
be achieved by reducing the representation- 
al dimensionality (3, 46). Theoretical work 
shows that the geometry of population ac- 
tivity can be configured to accommodate both 
of these seemingly conflicting demands (44), 
provided that the constituent single neurons 
multiplex task parameters nonlinearly (48, 49). 
Although recent experimental work has shown 
that neuronal population activity is indeed 
organized this way in the frontal cortex and 
hippocampus in macaques (44) and humans 
(50) during decision-making tasks, it re- 
mains unknown whether this framework is 
applicable to the important topic of cogni- 
tive control. 

A key aspect of behavioral control is learn- 
ing about the identity and intensity of control 
needed to correctly perform a task and deploy 
control proactively on the basis of such esti- 
mates (13, 51). This requires integrating inter- 
nally generated performance outcomes over 
multiple trials. Blood oxygen level-dependent 
functional magnetic resonance imaging (BOLD- 
fMRI) studies localize signals related to control 
demand estimation to the insular-frontostriatal 
network (52). However, the neuronal mecha- 


nisms of how these estimates are updated trial 
by trial and whether the underlying sub- 
strate is domain-general or task-specific re- 
main unknown. 


Results 
Task and behavior 


Subjects (see table S1) performed the multi- 
source interference task (MSIT) and the color- 
word Stroop task (Fig. 1A and methods in 
the supplementary materials). Conflict and 
errors arose from different sources in these 
two tasks: competition between prepotency of 
reading and color naming in the Stroop task, 
and competition between the target response 
and either the spatial location of target (“Simon 
effect,” denoted by “si”) or flanking numbers 
(“flanker effect,” denoted by “fl”), or both (“sf”) 
in the MSIT. In the MSIT, we refer to trials 
with or without a Simon conflict as “Simon” 
and “non-Simon” trials, respectively (and sim- 
ilarly for flanker trials). Stimulus sequences 
were randomized, and each type of trial oc- 
curred with a fixed probability (see methods 
for details). 

Subjects performed well (Stroop error rate: 
6.3 + 5%; MSIT error rate: 6.0 + 5%). Reaction 
times (RTs) on correct trials were significantly 
prolonged in the presence of conflicts (Fig. 1B; 
fig. S1, D and E, shows raw RTs). Participants’ 
successive performance (RT and accuracy) 
was modeled with a hierarchical Bayesian 
model (52-54). The model (Fig. 1C) assumes 
that participants iteratively updated internal 
estimates of how likely they were to encoun- 
ter a certain type of conflict trial (“conflict 
probability”) on the basis of their previous 
estimates and new evidence (experienced con- 
flict and RT) on the current trial using Bayes’ 
law. Given that trial sequences were random- 
ized by the experimenter, subjects could not 
predict with certainty whether an upcoming 
trial would have conflict or not, but could in- 
stead estimate the probability of a conflict trial, 
which is fixed a priori but unbeknownst to 
the subject. The decision process was modeled 
as a drift-diffusion process (DDM), with drift 
rates being a function of conflict and subjects’ 
estimated conflict probability (“CP coeff’ in 
Fig. 1E). Model parameters (DDM parameters 
and trial-wise CP estimation) were inferred 
from subjects’ behavioral data (RT and trial 
outcomes) and conflict sequences using data 
from all sessions and full Bayesian inference 
(see methods for details). Significance of model 
parameters was determined from the pos- 
terior distributions directly (see methods). 
The posterior predictive distributions cap- 
tured the true RT distribution well (fig. S2, A 
and B). The Bayesian models were identifiable 
(fig. S2, C and D). Figure 1D shows RT and esti- 
mated conflict probability of an example MSIT 
session. Unless specified otherwise, we use the 
term “conflict probability” (or CP) to refer to 
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Fig. 1. Tasks, Bayesian A 
conflict learning model, 

and reaction time analy- 

ses. (A) Task structure. 

(B) RTs were significantly 
prolonged by conflict in 

MSIT (left, n = 41 sessions) 

and Stroop task (right, 

n = 82 sessions). (C) The 
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the posterior means of the estimated conflict 
probability on each trial. 

Conflicts reduced drift rates and thus pro- 
longed RT [Pi (A stroop nonconflict < A stxoop conflict) < 
0.001, P(drusrr nonconflict < arsimon) < 0.001, 
P(drmsir nonconflict < aT flanker) < 0.001, 


P (dristr nonconflict < arsimon and flanker) = 0.001]. 
High estimated CP prolonged RT on non- 


conflict trials [negative CP coefficient de- 
creases drift rate: P(CP coéffstroop nonconflict > 
0) < 0.001, P(CP coeffaon-simon > 0) < 0.001, 
P(CP coeffnonflanker > 0) < 0.001] but hastened 
RT on conflict trials [positive CP coefficient 
increases drift rate: P(CP coeffstroop < 0) < 
0.01, P(CP coeffsimon < 0) < 0.05] (Fig. 1E). 
Our model yielded qualitatively similar re- 
sults when applied to data from a separate 
group of healthy control subjects (fig. S1C). 
In a separate control model where only trial 
outcomes and conflict sequences were used 
(but not RT), high CP correlated with reduced 
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likelihood of making an error on conflict 
trials [Bayesian logistic regression; nega- 
tive CP coefficient reduces error likelihood: 
P(CP coeffstroop > 0) < 0.01, P(CP coeffsimon > 
0) < 0.05] (fig. S1B), suggesting that higher 
CP predicted higher levels of control. See (55) 
for more about model comparisons. 


Neuronal correlates of performance-monitoring 
signals 


We collected single-neuron recordings from 
two regions within the MFC (Fig. 2A): the 
dorsal anterior cingulate cortex (dACC) and 
the pre-supplementary motor area (pre-SMA). 
We isolated 1431 putative single neurons 
[Stroop: 584 in the dACC and 607 in the pre- 
SMA across 34 participants (10 females); MSIT: 
326 in the dACC and 412 in the pre-SMA in 
12 participants (6 females)]. Neurons in the 
dACC and the pre-SMA were pooled, unless 


specified otherwise, because neurons responded 


similarly (but see the section “Comparison 
between the dACC and the pre-SMA” below 
for notable differences). 

We identified neurons selective for the mean 
and variance of the posterior distribution of 
CP, error, and conflict surprise (unsigned pre- 
diction error of CP: 1 - |conflict - CP|, where 
conflict is an indicator variable) in the ex post 
epoch, and conflict in the ex ante and ex post 
epochs (see example neurons in Fig. 2, sche- 
matic of analysis epochs in Fig. 3A, anda 
summary of overall cell counts in Fig. 3B). 

A substantial proportion of neurons encoded 
the mean and variance of CP posterior dis- 
tribution in the ex post epoch (Fig. 3B; 25 and 
17% of neurons in MSIT, 21 and 12% in Stroop). 
CP is maintained up to the baseline of the next 
trial [Fig. 3B, “conflict prob. (baseline)”, blue; 
21% in MSIT, 17% in Stroop]. Neurons en- 
coded conflict in the ex ante epoch (17 and 14% 
of neurons in MSIT and Stroop, respectively; 
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Fig. 2. Recording locations and example neurons. (A) Recording locations shown on the CIT168 Atlas brain. 
Each dot indicates the location of a microwire bundle. MNI, Montreal Neurological Institute. (B to D) Activity 

of three example neurons that show similar response dynamics in both tasks: neuron signaling action error (B), 
conflict by firing rate increase (C), and conflict by firing rate decrease (D). The black triangles mark stimulus 
onset. Trials are resorted by type and subsampled to equalize trial numbers for visualization only. 


Fig. 3B, cyan), consistent with previous re- 
ports (33, 38), but, intriguingly, also in the 
ex post epoch (21% in MSIT, 20% in Stroop). 
Neurons encoded conflict surprise (16% in 
MSIT, 12% in Stroop) and errors (20% in MSIT, 
30% in Stroop; see Fig. 2B for an example) in 
the ex post epoch. The distributions of selec- 
tive units were similar between the two tasks 
(Fig. 3B). 

Approximately 30% of conflict neurons were 
selective exclusively in either the ex ante, early 
(0 to 1 s after button presses), or late (1 to 2 s 
after button presses) ex post epochs (Fig. 3C), 
with some (18%) selective in the ex ante, early, 
and late ex post epochs (“extended”). Distri- 
butions of conflict signals across time were 
similar between the MSIT and Stroop tasks 
(Fig. 3C). We were intrigued by neurons sig- 
naling conflict ex post (20% of neurons in both 
tasks; Fig. 2, C and D, shows examples), which 
has not been reported before. This conflict 
signal, which arises too late to be useful for 
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within-trial cognitive control, was more prom- 
inent than the one found in the ex ante epoch 
in both tasks [15% versus 20%; y7(1) = 18.34, 
P < 0.001, chi-squared test]. 

Many conflict neurons also signaled errors, 
surprise, CP, or a conjunction of these varia- 
bles (Fig. 3D). This multiplexing depended on 
the timing of conflict signals. The proportion 
of conflict neurons that multiplexed CP (light 
green bars) increased significantly toward 
the end of the trial, when updating would be 
mostly complete [proportion in the late ex post 
epoch versus that in all other epochs; x71) = 
6.86, P = 0.008 for MSIT; (1) = 3.6, P = 0.04 
for Stroop, chi-squared test]. Consistent with 
this idea, the group of neurons signaling con- 
flict exclusively in the ex ante epoch showed 
the least multiplexing, consistent with a pri- 
mary role in monitoring conflict during ac- 
tion production [proportion of “pure” conflict 
neurons active only during the ex ante epoch 
versus those that are active in other epochs; 


x°(1) = 4.93, P = 0.03 for MSIT; x7(1) = 9.36, 
P = 0.002 for Stroop, chi-squared test]. 

We next investigated the temporal stabil- 
ity of the multivariate coding patterns for 
the performance monitoring variables in 
each task. We trained a decoder with data 
from all recorded neurons in one epoch and 
tested it on data from a different epoch. RTs 
were equalized across conditions for this 
analysis. Error decoders trained on early ex 
post data generalized poorly to later epochs, 
but the ones trained on late ex post data 
generalized well into earlier epochs (fig. S6, 
A and B), suggesting that some neurons 
represented errors only late in the trial, with a 
possible role in post-error adjustments (33). 
The multivariate coding patterns for conflict 
changed substantially to prevent generaliza- 
tion between the ex post and ex ante epochs 
(fig. S6, C to E; green horizontal lines over- 
lapped with orange and blue only minimally), 
demonstrating that the MFC encoded these 
two types of conflict information with differ- 
ent populations of neurons. The magnitude 
of CP (quantized to allow construction of 
pseudo-populations) could also be decoded 
trial by trial from population activity. Decoders 
trained to decode CP before updating (con- 
structed with baseline spike counts) general- 
ized well to decode CP after updating (using 
ex post spike counts), and vice versa, suggest- 
ing that CP representation was stably main- 
tained (fig. S7). Representation of previous 
trial conflict (indicator; “1” denotes previous 
trial had conflict) was relatively weak (fig. S8, 
Ato C; <60% decoding accuracy), consistent 
with the model comparison results where pre- 
vious conflict alone was a poor predictor of RT 
compared with estimated CP (tables S2 and 
$3). CP neurons demonstrated the greatest 
degree of multiplexing (Fig. 3F). Only 18% of 
these neurons signaled CP exclusively, with 
the remainder multiplexing information about 
estimated CP on the last trial, conflict, conflict 
surprise, or a conjunction of these variables. CP 
neurons changed their firing rates ex post by 
an amount commensurate with the numerical 
change of conflict probability between contig- 
uous trials (Fig. 3G, P < 0.001, ¢ test against 
zero; mean correlations in Simon, flanker, and 
Stroop are 0.036, 0.036, and 0.045, respectively), 
reflecting a neural “updating” process. Although 
for some neurons the updating process started 
in the ex ante epoch, for the majority it started 
in the ex post epoch and continued well into 
the ex post period (fig. S3, C to E, shows time 
courses). 

CP neurons differed qualitatively from those 
of other recorded neurons. First, their trial-by- 
trial baseline spike rates (treated as a time 
series) had higher self-similarity than all other 
types of neurons studied [fig. S4, A and B; self- 
similarity quantified by o values from the de- 
trended fluctuation analysis (DFA); fig. S4, C to F, 
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Fig. 3. Single-neuron tuning properties. (A) Illustration of epochs used for 
analysis. Thick vertical bars represent physical events, the slim vertical bars 
demarcate epochs. (B) Percentage of neurons encoding the variable indicated 

in the two tasks. The color code is as indicated in (A). Dotted lines represent 
2.5th and 97.5th percentiles of the null distribution obtained from permutation. 
For all groups shown, P < 0.001. (C) Percentage of conflict neurons that are 
selective in each time period. Early and late ex post epochs denote 0 to 1s and 1 to 
2 s after button press, respectively. (D) Percentage of conflict neurons that 

were also selective for error, surprise, CP, or any combination of these factors 


(“mix”). (E) Comparison of single-trial neuronal response latency of conflict 
neurons in dACC and pre-SMA (correct trials only, t = 0 is stimulus onset for 

ex ante and button press for ex post conflict neurons). (F) Percentage of conflict 
probability neurons that were also selective for CP on the last trial, conflict, 
surprise, error, or all combinations of these variables (“mix”). (G) Neuronal 
signature of updating conflict probability estimation. Correlation is computed 
between the difference between current estimation and conflict probability on the 
last trial (behavioral update) and the difference between demeaned FRe, post 

and FRbaseline (neural update) for all conflict probability neurons. ***P < 0.001. 


shows DFA analysis of two example neurons]. 
Second, the extracellular spikes generated 
by these neurons had significantly narrower 
widths compared with other neurons (fig. S4, 
Gand H, right panels; more broadly, DFA a is 
negatively correlated with spike width, shown 
in fig. S4, G and H, left panels). 


Representational geometry of conflict within a 
single task 


We next investigated the representational 
geometry of conflict in the high-dimensional 
neural state space formed by all recorded neu- 
rons. This is possible because different types 
of cognitive conflict coexist within MSIT. We 
first tested whether the four MSIT conflict 
conditions (si, fl, sf, and nonconflict) are sepa- 
rable in the neural state space. A “coding di- 
mension” was defined as the high-dimensional 
vector flanked by the means of the sf and non- 
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conflict (“none”) trials (Fig. 4A, broken lines; 
see methods). Held-out single-trial data pro- 
jected onto this coding dimension allowed a 
decoder to differentiate with high accuracy 
between all pairs of conflict conditions in 
the ex ante epoch (Fig. 4B, left), and all but 
one pair (si versus sf, P = 0.16) in the ex post 
epoch (Fig. 4B, right). Notably, si and fl con- 
flict could be differentiated above chance by 
this coding dimension. Conflict conditions 
were still separable after equalizing for RT 
across conditions (fig. S9C; see methods for 
RT equalization), suggesting that the sepa- 
ration was independent of trial difficulty for 
which RT is a proxy (56). We next investigated 
whether representations generalized between 
Simon and flanker conflict. For each time bin, 
a coding dimension was constructed by con- 
necting, in the neural state space, the mean of 
Simon (si + sf) trials with the mean of non- 


Simon (fl + none) trials, and a separate one by 
connecting the flanker (fl + sf) versus non- 
flanker (si + none) means. Held-out single-trial 
data from either conflict type projected onto 
the coding dimension constructed using data 
from another conflict type allowed decoding 
with high accuracy (Fig. 4C; gray trace, flanker 
coding dimension decoding Simon versus non- 
Simon; black trace, Simon coding dimension 
decoding flanker versus nonflanker). 

We next tested whether the representation 
of conflict was compositional. If true, relative 
to the mean of “none” trials, the sf representa- 
tion should be located where the linear vector 
sum of Simon (si) and flanker (fl) trials lands, 
forming a parallelogram with the none-sf axis 
at its diagonal (Fig. 4A). To test this with a 
decoding approach, a decoder trained to dif- 
ferentiate between the two classes connected 
by one edge of this parallelogram should be 
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Fig. 4. State-space representation of conflict and conflict probability. 

(A) State-space representation of conflict (left, ex ante; right, ex post) in MSIT 
task visualized in PCA space. Dotted line is the vector used to classify pairs 

of conflict conditions in (B). (B) Decoding accuracy from classification of pairs of 
conflict conditions in MSIT. (©) Coding dimensions invariant between Simon 
and flanker conflict. At each time point, a decoder is trained on Simon versus 
non-Simon and tested on held-out flanker versus nonflanker trials (black) and vice 
versa (gray). (D) Conflict representations are compositional. Decoders trained 

on one edge of the parallelogram were able to differentiate between conditions 


able to decode the two classes connected by 
the opposite edge (and vice versa). Indeed, a 
decoder trained to differentiate sf from fl 
trials, which is simply the vector connecting 
sf and fl (blue edge in Fig. 4A), was able to 
decode si from nonconflict trials projected to 
this axis with above-chance performance 
and vice versa (Fig. 4D, P < 0.001 for both the 
ex ante and ex post data, permutation test). 
The same was true for the other pair of edges 
(Fig. 4D, testing blue edges in Fig. 4A; P < 
0.001 for both the ex ante and ex post data, 
permutation test). The parallelism was im- 
perfect because the decoding accuracy, while 
well above chance, was relatively low (<70%) 
compared with within-condition decoding 
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performance (Fig. 4C). Neurons that demon- 
strated nonlinear mixed selectivity for Simon 
and flanker conflicts (as measured by the F 
statistic of the interaction term between Simon 
and flanker derived from an analysis of var- 
iance model) contributed the most to this de- 
viation from parallelism at the population level 
[fig. SOF, correlation coefficient (7) = 0.74, P < 
0.001, for ex post data; fig. SOE, r = 0.75, P< 
0.001, for ex ante data; Spearman’s rank cor- 
relation). This representation structure was 
disrupted on error trials: generalization per- 
formance dropped in the ex ante (fig. S9D; for 
both edges, 68 and 61% on correct trials versus 
56 and 47% on error trials) as well as the ex post 
epoch (fig. S9D; for both edges, 55 and 68% on 
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along the opposite parallel edge [orange and blue edges shown in (A), respectively, 
shown on left and right]. Dotted lines show 97.5th percentile of the null 
distribution. (E to G) State-space representation of CP in MSIT and Stroop, 
visualized in PCA space. Green dots mark baseline start, the two cyan squares 
delineate the range of stimulus onsets, blue dots mark button press, and 
dots mark end of trial. Trials are aligned to button press. Color fades as the 
progresses. Numbers signify percentage of variance explained by each 
principal component (PC). *P < 0.05; **P < 0.01; ***P < 0.001; n.s., not 
significant (P > 0.05). MP, midpoint; BP, button press; Stim, stimulus onset. 


correct trials versus 51 and 59% on error trials) 
on error trials. 


Representational geometry of 
conflict probability 


Conflict probability representation can be 
viewed as a state (an initial condition) that is 
present before stimulus onset and to which 
the population returns after completing a trial. 
To test this idea, we binned trials by CP quar- 
tiles (four “levels” were generated as trial labels) 
for each session and aggregated neuronal data 
across different sessions to generate pseudo- 
populations. Principal components analysis 
(PCA), performed separately for each type of 


conflict, revealed that the variability across 
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different CP levels (8 to 11% of explained 
variance) was captured mostly by a single 
axis (PC3s in Fig. 4, Eto G; green dots mark 
trial start, red dots mark trial end), which was 
orthogonal to time-dependent but condition- 
independent firing rate changes (captured 
by PClis and PC2s, 57 to 63% of explained 
variance). We quantified this impression 
in the full neural state space (not in PCA 
space). Before stimulus onset (demarcated 
by green and cyan filled circles in Fig. 4, E to 
G), the neural state evolved with low speed 
(blue points in fig. S9, G to I). The neural state 
then changed more quickly after stimulus onset 
(orange points in fig. S9, G to I; P < 0.001, 
paired ¢ test), before eventually returning to 
a low-speed state that hovered near the start- 
ing position (red filled circles in Fig. 4, E to G; 
yellow points in fig. S9, G to I). The distance 
between the four trajectories was also kept 
stable across time. A coding dimension in the 
full neural space (which corresponds to PC3 in 
Fig. 4, E and F) was constructed by connecting 
the means of neural representations of the 
first and fourth CP levels. The held-out single- 
trial data, when projected onto this coding 
dimension, separated into four levels with 
their ordering (in projection values) being 
strongly correlated with the ordering of CP 
levels (fig. S9, J to L). This ordering is main- 
tained into the baseline period of the next 
trial (fig. S9, J to L). For single sessions, CP 
predicted using spike counts from all MFC 
neurons in the session as regressors were cor- 
related with the true values of CP trial by trial 
(fig. S15, M and N). These analyses in the full 
neural space confirmed the insights gained 
from PCA visualization in Fig. 4, E to G. 


Domain-general performance-monitoring signals 
at the population level 


We next investigated whether the geometry 
of performance-monitoring representations 
supported readouts that are invariant across 
MSIT and Stroop, while simultaneously allow- 
ing robust separation of conditions specific to 
MSIT. Within MSIT, a geometry can be ex- 
tracted that supports invariance across types 
of conflicts while keeping the four conflict 
conditions separate (Fig. 4, A to C). However, it 
is unclear whether such representation is spe- 
cific to a single task and requires construction 
of a task set. We thus studied the activity of 
the same neurons in two behavioral tasks per- 
formed separately (table S1 shows session in- 
formation). We used demixed PCA (dPCA) (57) 
to factorize population activity into coding di- 
mensions for performance monitoring varia- 
bles (error, conflict, and conflict probability) 
and for the task identity. The dPCA provided 
a principled way to optimize for cross-task de- 
coding and could serve as an existence proof 
for domain generality. The statistical signif- 
icance of the dPCA coding dimensions was 
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similarly assessed by out-of-sample decoding. 
Successful “demixing” should correspond to 
(near) orthogonality between the perfor- 
mance monitoring and task identity coding 
dimension. 

The dPCA coding dimensions extracted using 
error and conflict contrasts (Stroop-Simon and 
Stroop-flanker separately) each explained 10 
to 21% of variance, supported task-invariant 
decoding across time, and were orthogonal to 
the task identity dimension (see Fig. 5A for 
error, Fig. 5B for Stroop-Simon, fig. SIOA for 
Stroop-flanker conflict decoding over time, 
and Fig. 5C for conflict decoding restricted in 
the ex ante and ex post epochs separately; for 
all clusters, P < 0.01, cluster-based permutation 
tests; clusters with significant decoding per- 
formance demarcated by horizontal bars; for 
error, angle = 92.19 P = 0.92, t = 0.005; for Stroop- 
Simon conflict, angle = 81.9 P = 0.31, t = 0.04; 
for Stroop-flanker conflict, angle = 80.8°, P = 
0.09, t = 0.06; Kendall’s rank correlation). 

The task-invariant conflict coding dimen- 
sion (extracted by removing the task difference 
between MSIT sf and Stroop conflict trials 
and between nonconflict trials in both tasks) 
was also able to differentiate five out of six pairs 
of conflict conditions with high accuracy (60 
to 90%) within MSIT in both the ex ante and 
ex post epochs (Fig. 5C; for statistics, see figure, 
permutation tests). Similar task-invariant 
decoding performance was obtained when 
restricting to only trials with similar RTs across 
conditions, suggesting again that task-invariant 
representations of error and conflict were not 
due to subjective difficulty (fig. S10, B to E), for 
which RT is a proxy (56). 

Similarly, the coding dimensions for Stroop- 
Simon conflict probability (Fig. 5D and fig. 
S$10G) and Stroop-flanker conflict probabil- 
ity (fig. S10, F and H) each explained 27 to 
35% of variance, supported task-invariant 
decoding, and were orthogonal to the task 
identity dimension (P > 0.05, Kendall’s rank 
correlation). Notably, this task generalizabil- 
ity did not compromise the capacity of this 
coding dimension to separate different lev- 
els of CP within Stroop or MSIT (Fig. 5D and 
fig. S10, F to H). 

As a control analysis, we also examined 
whether a decoder trained on a single task 
would generalize to the other task. These 
“within-task” coding dimensions supported 
decoding of data from the other task with high 
accuracy, albeit with slightly lower perfor- 
mance than the dPCA coding dimensions that 
were optimized for cross-task decoding (fig. S12, 
A to F, for decoding performance, weight cor- 
relation between tasks). This is expected given 
the robust correlation between the weights of 
these within-task coding dimensions (scatters 
in fig. S12, G to M). This correlation was con- 
firmed by the fact that the angles between the 
two within-task coding dimensions were sig- 


nificantly smaller than the null distribution 
(which approximately equaled 90°; inset his- 
tograms in fig. S12, G to M). The angle between 
the task-invariant coding dimensions opti- 
mized by dPCA and the within-task dimensions 
trained with either Stroop or MSIT data alone 
was similar (angularly “equidistant”; angles 
reported in insets, fig. S12, G to M). The op- 
timization performed by dPCA can thus be 
understood geometrically: It sought a coding 
dimension that is angularly “centered” be- 
tween each of the within-task dimensions 
trained using data from one task only. Task- 
invariant representations for all performance 
monitoring variables can be found using 
simultaneously recorded data at the single- 
session level in subjects with enough neu- 
rons (fig. S15), highlighting that it is the same 
population of neurons that subserves such 
a geometry. 

Subjects responded more slowly on the 
trials that followed error trials in both tasks, 
demonstrating robust post-error slowing (PES: 
40 + 1 ms and 44 + 1 ms in Stroop and MSIT, 
respectively; fig. S8D). However, this trial-by- 
trial measure of PES was not significantly cor- 
related with spike rates (on the error trials) of 
error neurons in either task individually, or 
for error neurons that signaled errors in both 
tasks (see methods for definition of “task- 
invariant”; fig. S8E). 


Domain-general performance-monitoring signals 
at the single-neuron level 


We sought to understand how tuning profiles 
of single neurons contributed to the popula- 
tion geometry that simultaneously allowed 
task-invariant and task-specific readouts. 
While some neurons encoded error, conflict, 
and CP in a task-invariant manner (Figs. 2 
and 3), others encoded these variables in only 
one task. The extent to which single-neuron 
tuning depended on the task was assessed 
using partial correlations (“task-invariant 
turning strength”; higher correlation with 
variable of interest after controlling for task 
variable means higher task invariance). Accord- 
ing to this test, neurons that had significant 
correlation were labeled “task-invariant” (65 to 
83%), and those with insignificant cross-task 
correlation but significant correlation within 
either task were labeled “task-dependent” (17 to 
35%; Fig. 5, E and F, and fig. S13, red and cyan 
slices, respectively). Across all neurons, the 
dPCA weight assigned to each neuron was 
strongly correlated with the neuron’s task- 
invariant tuning strength (scatter plots in 
Fig. 5, Eand F, and fig. S13; P < 0.001 for all 
panels, Spearman rank correlation). Both the 
task-invariant and the task-dependent neu- 
rons were assigned significant larger weights 
compared with nonselective (“other”) neu- 
rons (Fig. 5, Eand F, and fig. S13, dot density 
plots). Similar conclusions hold when using a 
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Fig. 5. Domain-general representation of performance-monitoring signals. 
(A) Task-invariant decoding of errors. Bar on the right shows the variance 
explained by the different dPCA components. Data from the whole trial were 
used. (B) Task-invariant decoding of conflict. The bar on the right represents 
variance explained by the different dPCA components (see figure legend for color 
code). Data from the whole trial were used. (C) Separability of conflict conditions 
along the domain-general conflict axis in both the ex ante (left) and ex post 
epochs (right). The dPCA coding dimension was constructed (separately for each 
epoch) using Stroop, sf conflict, and nonconflict trials and supported decoding 
of Stroop, Simon, and flanker conflicts (“task-invariant”) as well as separation of 
Simon and flanker conditions. (D) Task-invariant decoding of CP. The dPCA 
coding axis was constructed using Stroop and Simon CP (binned by quartiles into 


conflict ex post 


four levels) and supported pairwise decoding of CP levels in both tasks. For (C) and 
(D), horizontal colored bars at the bottom show variance explained of dPCA 
coding dimensions. Data from single regions of interest (ROIs) were used. (E and 
F) Relationship between task-invariant single-neuron tuning strength of error (E), 
conflict ex post (F), and the corresponding dPCA weights. Pie charts show the 
percentages of task-invariant neurons (red slice) that had a significant main effect 
for the performance monitoring variable and those that had significant effect only 
in either MSIT or Stroop (‘“task-dependent” blue slice). Scatter plots (left) show 
significant correlation between task-invariant coding strength and the corresponding 
dPCA weights. The y axis shows correlation of firing rate of a neuron with the 
given variable, after removing task information by partial correlation (see methods). 
*P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (P > 0.05). 


permutation-based feature-importance measure 
instead of the dPCA weights (fig. S14; see 
methods for details). Notably, the distribu- 
tions of dPCA weights or feature importance 
(probability density shown in insets in Fig. 5, 
E and F, and figs. S13 and S14) across neu- 
rons, with many showing nonzero weights, 
suggested that the task-invariant coding was 
not driven by few neurons but instead re- 
flected population activity. 

Neurons with higher self-similarity for 
baseline spike counts contributed more to the 
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task-invariant coding dimension of conflict 
probability after controlling for single-neuron 
coding strength (partial correlation between 
absolute values of dPCA weights and DFA a 
values; 7 = 0.16, P = 0.003 for Stroop-Simon 
conflict probability; 7 = 0.20, P < 0.001 for 
Stroop-flanker conflict probability). 


Comparison between the dACC and the pre-SMA 


The distributions of neuronal selectivity were 
similar in dACC and pre-SMA (fig. S3, A and 
B). Both areas contained similar proportions 


of task-invariant and task-dependent neurons. 
Both areas independently supported compo- 
sitional conflict coding and domain-general 
readouts for error (fig. S11, A and B), conflict 
(fig. S11, C to F), and conflict probability (fig. 
S10, G to J). However, there were three notable 
differences between the two areas. First, the 
temporal profiles of decoding performance for 
error, conflict, and conflict probability were 
similar between the areas, but decoding accu- 
racy in pre-SMA was consistently higher (fig. 


S5, Ato E). Second, the task-invariant error 
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response appeared earlier in pre-SMA than 
in dACC (Ajatency = 0.55 s for Stroop and 0.5 s 
for MSIT), consistent with our previous re- 
port in the Stroop task (33). Third, ex ante 
conflict information was first available in 
dACC, followed by pre-SMA (Fig. 3E; median 
difference = 138 ms; P < 0.001, Wilcoxon rank 
sum test; single-trial spike train latency). 
Third, by contrast, ex post conflict informa- 
tion was available first in pre-SMA, followed 
by dACC (Fig. 3E; median difference = 161 ms; 
P = 0.002, Wilcoxon rank sum test). 


Discussion 


Within the MFC, some neurons encoded error, 
conflict, and conflict probability in a task- 
invariant way; some encoded these variables 
exclusively in one task; and others multi- 
plexed domain and task information to vary- 
ing degrees. They were intermixed at similar 
anatomical locations and demonstrated non- 
linear “mixed selectivity” (47, 48) for task iden- 
tity and performance monitoring variables. 
Such complexity at the single-neuron level 
precludes a simplistic interpretation of domain 
generality. By contrast, population activity can 
be factorized into a task dimension and a task- 
invariant dimension that were, in most cases, 
orthogonal to each other. The geometry of MFC 
population representation allows simple linear 
decoders to read out performance monitoring 
variables with high accuracy (>80%) in both 
tasks, and simultaneously to differentiate 
different types of conflict or different levels 
of estimated conflict probability within a 
task. Notably, it is the same group of neu- 
rons that gave rise to this geometry. This 
finding contrasts with neuroimaging studies 
that either report domain-specific and domain- 
general conflict signals encoded by distinct 
groups of voxels (58, 59) or an absence of 
domain-general conflict signals (60) within 
the MFC. 

Several studies have proposed that the lat- 
eral prefrontal cortex (LPFC) is topographi- 
cally organized to subserve cognitive control, 
with more abstract processing engaging the 
anterior regions (J-3, 61, 62). Unlike in the 
LPFC, domain-general and domain-specific 
neurons were intermixed within the MFC. 
The representational geometry we report 
here is well suited to provide performance- 
monitoring signals to these subregions: Down- 
stream neurons within these LPFC regions 
can select performance-monitoring informa- 
tion at different degrees of abstraction by 
adjusting connection weights, similar to input 
selection mechanisms described in the PFC 
(63). Curiously, we did not observe a promi- 
nent difference between the pre-SMA and 
the dACC in the degree of domain generality 
of performance monitoring, which may be 
related to the fact that these two areas are 
highly interconnected. 
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Domain-general error signals 

A key component of performance monitoring 
and metacognitive judgment is the ability to 
self-monitor errors without relying on exter- 
nal feedback (4, 37, 40, 41, 64, 65). A subset of 
neurons signaled error not only in the Stroop 
task [as previously reported in (33)] but also 
in MSIT. The error signal is thus domain- 
general, that is, abstracted away from the 
sensory and motor details as well as the types 
of response conflicts encountered across the 
two tasks (Fig. 2B). At the population level, 
these domain-general error neurons enabled 
trial-by-trial readout of self-monitored errors 
with >90% accuracy equal across tasks (Fig. 5, 
A and E). Compatible with earlier results (33), 
the activity of neither task-specific nor task- 
general error neurons directly predicted the 
extent of PES. This result is consistent with 
the evaluative roles of MFC error signals and 
suggests that the control process may lie out- 
side of the MFC. Given the f{MRI-BOLD find- 
ing that the MFC is a domain-general substrate 
for metacognition (66), an interesting open 
question is whether the same neural mecha- 
nisms we describe here support metacognitive 
judgment across different domains, such as 
perceptual or memory confidence. 


Domain-specific performance monitoring 


The causes of conflict and errors in the two 
tasks differ: distraction by the prepotent ten- 
dency to read in the Stroop task, and distrac- 
tion by location of target number (Simon) or 
by numbers flanking the target (flanker) in the 
MSIT. Such performance perturbations call 
for specific compensatory mechanisms, such 
as suppressing attention to task-irrelevant 
stimulus dimensions. Consistent with this 
requirement, a subset of neurons signaled 
errors, conflict, and conflict probability exclu- 
sively in one task, giving rise to a task identity 
dimension that supported robust decoding 
of which task the performance disturbance 
occurred in (>90% accuracy). This provides 
the domain-specific information about the 
sources of performance disturbances for cog- 
nitive control, consistent with the reported 
role of MFC neurons in credit assignment (6). 
The existence of task-specific neurons also 
suggests that the performance monitoring 
circuitry can be rapidly and flexibly recon- 
figured in different tasks to subserve different 
task sets (67, 68), consistent with the rapid 
reconfiguration of functional connectivity 
among cognitive control networks to enable 
novel task performance (69). 


Compositionality of conflict representation 


Compositionality of conflict representation 
can be formulated as a problem of generaliza- 
tion: If Simon and flanker conflict are linearly 
additive, decoders trained to identify the pres- 
ence of only Simon or flanker conflict should 


continue to do so when both types of conflict 
are present. We found that this was the case, 
with the neural state approximately equal 
to the vector sum of the two neural states 
when the two types of conflict are present 
individually. The (approximate) factorization 
of conflict representation is important for both 
domain-specific and domain-general adap- 
tation; when different types of conflict occur 
simultaneously and the representation can be 
factorized, downstream processes responsible 
for resolving each type of conflict can all be 
initiated. On the other hand, domain-general 
processes can also read out the representa- 
tion as a sum and initiate domain-general 
adaptations. 


Estimating control demand enabled by ex post 
conflict neurons 


Our model for conflict probability estimation 
predicts that conflict should be signaled twice: 
once during response competition (ex ante) 
and again after the action has been committed 
(ex post). Whereas the former, predicted by 
conflict monitoring theory (73, 70), provides 
transitory metacognitive evidence of conflict 
and is important for recruiting within-trial 
cognitive control (70), the latter provides a 
stable “indicator” of whether conflict occurs 
or not. Both signals arise independently of 
external feedback, thus qualifying as corre- 
lates of metacognitive self-monitoring (64, 65). 
One interpretation for the ex post signals 
(conflict or error), as proposed by connec- 
tionist models of conflict monitoring, is that 
they reflect conflict between the committed 
response and continuing stimulus processing 
(70, 71), which should also activate the ex ante 
conflict neurons. However, our data demon- 
strated that these two types of conflict signals 
were encoded by separate neurons and their 
multivariate coding patterns differed subs- 
tantially enough to prevent generalization 
(fig. S6, C to E). 

There is significant overlap between error 
neurons and ex post conflict neurons. Com- 
mon coding dimensions that simultaneously 
decode both error and conflict do exist, al- 
though the decoding accuracy for conflict is 
significantly lower than for error (fig. S9, A 
and B). In macaque SEF, ex post activation is 
found after noncanceled and successfully 
canceled saccades (41). These ex post evalu- 
ative signals may reflect a common process 
that compares a corollary discharge signal 
(conveying the actual state of action selection 
and cognitive control) with cognitive control 
state predicted by “forward models” (72-74) 
and may underlie sense of agency (75). Future 
work is needed to test this hypothesis. 

The neurons that reported conflict proba- 
bility changed their firing rates trial by trial, 
and this “updating” in firing rates occurred 
primarily upon commitment of an action. 
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The distinct functional properties of conflict 
probability neurons, that is, significantly nar- 
rower extracellular spike waveforms and higher 
self-similarity of baseline spike counts (fig. S4, 
C to H), suggest that they may be interneurons 
with strong recurrent connectivity, consistent 
with a prior report where dACC neurons that 
encode past outcomes have narrower extra- 
cellular waveforms (76). At the population 
level, these single-neuron properties contrib- 
ute to the formation of task-invariant line 
attractor dynamics. Computational modeling 
demonstrates the importance of inhibitory 
interneurons in maintaining information in 
working memory, which occurs on the scale 
of several seconds (77). Similar circuit-level 
mechanisms could provide a basis for retain- 
ing the history of performance monitoring 
and reward, which is on the scale of several 
minutes. These conflict probability neurons 
might thus provide a neural substrate for 
proactive control and learning the value of 
control, both of which require stable main- 
tenance of learned information (13, 57). The 
trade-off between flexible updating and sta- 
ble maintenance of performance monitoring 
information remains an open question. 


Materials and methods summary 


Detailed materials and methods with references 
can be found in the supplementary materials. 
Briefly, the subjects were 34 patients who were 
undergoing intracranial monitoring of epilep- 
tic seizures using hybrid depth electrodes with 
embedded microwires. Spikes were detected 
and sorted using a template-matching algo- 
rithm, and only well-isolated single neurons 
were analyzed. Electrodes were localized using 
postoperative imaging, and all included sub- 
jects had well-isolated neuronal activity on at 
least one dACC or pre-SMA electrode. 

Subjects performed speeded version of the 
Stroop and MSIT tasks. For the Stroop task, 
subjects were instructed to name the color in 
which the word shown on the screen (red, 
green, or blue) was printed (red, green, or 
blue). For the MSIT task, subjects were shown 
three numbers (0, 1, 2, and/or 3), out of which 
two were the same and the third was different 
(target), and were instructed to report the 
target number identity. After each response, 
the stimulus screen was immediately blanked 
(1s), followed by a feedback screen ( “correct,” 
“incorrect,” or “too slow”; 1s). Trial sequences 
were randomized. 

We used a hierarchical Bayesian model, 
which iteratively updates an internal estimate 
of conflict probability trial by trial. Parameters 
were the learning rate o and conflict proba- 
bility (¢, for Stroop, gj for Simon, and dg for 
flanker conflicts). Data used were: (i) trial 
congruency o (indicator function; 0, for Stroop, 
0s for Simon, and og for flanker congruency), 
assumed to be generated by the conflict prob- 
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ability; (ii) reaction time RT, assumed to be 
generated by a drift-diffusion model with the 
correct and wrong choice at the two bounds 
and the midpoint as the starting point. The 
statistical significance of the drift rates and 
drift rate bias coefficients was determined 
directly by comparing the posterior distri- 
bution of the group-level parameters to each 
other or to zero. 

Neurons were selected using a Spearman’s 
rank correlation between spike counts and a 
given performance monitoring variable (P < 
0.05; error versus correct, conflict level, and 
conflict probability). Epochs used for selec- 
tion were the baseline period (from 1.5 s 
before stimulus onset to stimulus onset), the 
ex ante epoch (a 500-ms window centered 
on the midpoint between stimulus onset and 
button press), and the ex post period (1-s win- 
dow start at button press). 

For decoding, one trial for each neuron 
from one condition was randomly selected 
and concatenated (across neurons) to form a 
testing data matrix. The rest of the trials were 
averaged for each condition and concatenated 
to form a training data matrix (“training 
means”). For within-task analysis, this matrix 
was used to compute the coding dimensions 
(by subtraction between conditions). For cross- 
task generalization analyses, training data 
matrices from both tasks were concatenated, 
and demixed PCA (57) was used to extract the 
task-invariant coding dimensions (except in 
fig. S12, in which cross-task decoding was eval- 
uated by training in each task separately). Both 
testing and training data were then projected 
onto the identified coding dimensions. The 
predicted labels for the testing data were 
assigned according to the label of the nearest 
neighbor of the training data. This decoding 
procedure was repeated 1000 times (resulting 
in 1000 single-trial testing data matrices and 
the corresponding training data matrices). 
To determine statistical significance, we per- 
muted the trial labels 500 times, and for each 
permutation, we repeated all above steps to 
generate a null distribution. 

To assess the compositionality of conflict 
representation by decoding (Fig. 4D), the 
following coding dimensions were used: one 
flanked by nonconflict and si training means 
(Fig. 4A, blue), one flanked by fl and sf train- 
ing means (blue), one flanked by fl and non- 
conflict trial averages (orange), and one flanked 
by si and sf training means (orange). Held-out 
testing data from conditions flanking one of the 
blue (or orange) pairs of edges were then pro- 
jected to the opposite edge in the pair and clas- 
sified by the training data defining this edge. 
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INTRODUCTION: Globally, there have been more 
than 404 million cases of severe acute respi- 
ratory syndrome coronavirus 2 (SARS-CoV-2), 
with 5.8 million confirmed deaths as of 
February 2022. South Africa has experienced 
four waves of SARS-CoV-2 transmission, with 
the second, third, and fourth waves being 
driven by the Beta, Delta, and Omicron var- 
iants, respectively. A key question with the 
emergence of new variants is the extent to 
which they are able to reinfect those who have 
had a prior natural infection. 


RATIONALE: We developed two approaches to 
monitor routine epidemiological surveillance 
data to determine whether SARS-CoV-2 re- 
infection risk has changed through time in 
South Africa in the context of the emergence 
of the Beta (B.1.351), Delta (B.1.617.2), and 
Omicron (B.1.1.529) variants. We analyzed line- 


2021-11-01 


2021-05-01 


2020-11-01 


Date of first positive test for second infection 


2020-08-01 
Date of first positive test for first infection 


2021-02-01 


list data on positive tests for SARS-CoV-2 with 
specimen receipt dates between 4 March 2020 
and 31 January 2022 collected through South 
Africa’s National Notifiable Medical Conditions 
Surveillance System. Individuals having se- 
quential positive tests at least 90 days apart 
were considered to have suspected reinfections. 
Our routine monitoring of reinfection risk 
included comparison of reinfection rates with 
the expectation under a null model (approach 1) 
and estimation of the time-varying hazards of 
infection and reinfection throughout the epi- 
demic (approach 2) based on model-based 
reconstruction of the susceptible populations 
eligible for primary and second infections. 


RESULTS: A total of 105,323 suspected reinfec- 
tions were identified among 2,942,248 individ- 
uals with laboratory-confirmed SARS-CoV-2 
who had a positive test result at least 90 days 


2021-08-01 


SARS-CoV-2 reinfection patterns in South Africa. South Africa has experienced four waves of SARS-CoV-2 
transmission, each driven by the emergence of a new variant. Reinfection of previously infected individuals was 
relatively rare through the end of the third wave. Methods developed in South Africa to monitor reinfection trends led 
to the early detection of increased reinfection risk associated with the Omicron variant. 
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before 31 January 2022. The number of re- 
infections observed through the end of the 
third wave in September 2021 was consistent 
with the null model of no change in reinfection 
risk (approach 1). Although increases in the 
hazard of primary infection were observed 
after the introduction of both the Beta and 
Delta variants, no corresponding increase was 
observed in the reinfection hazard (approach 2). 
Contrary to expectation, the estimated hazard 
ratio for reinfection versus primary infection 
was lower during waves driven by the Beta 
and Delta variants than for the first wave: the 
relative hazard ratio for wave 2 versus wave 1 
was 0.71 [95% confidence interval (95% CI): 
0.60 to 0.85]; the relative hazard ratio for 
wave 3 versus wave 1 was 0.54 (95% CI: 0.45 
to 0.64). By contrast, the recent spread of the 
Omicron variant has been associated with an 
increase in reinfection hazard coefficient. The 
estimated relative hazard ratio for reinfection 
versus primary infection versus wave 1 was 
1.75 (95% CI: 1.48 to 2.10) for the period of 
Omicron emergence (1 November 2021 to 
30 November 2021) and 1.70 (95% CI: 1.44: to 
2.04) for wave 4 versus wave 1. Individuals with 
identified reinfections since 1 November 2021 
had experienced primary infections in all three 
prior waves, and an increase in third infections 
has been detected since mid-November 2021. 
Many individuals experiencing third infections 
had second infections during the third (Delta) 
wave that ended in September 2021, strongly 
suggesting that these infections resulted from 
immune evasion rather than waning immunity. 


CONCLUSION: Population-level evidence sug- 
gests that the Omicron variant is associated 
with a marked ability to evade immunity 
from prior infection. In contrast, there is no 
population-wide epidemiological evidence of 
immune escape associated with the Beta or 
Delta variants. This finding has important 
implications for public health planning, par- 
ticularly in countries such as South Africa with 
high rates of immunity from prior infection. 
The further development of methods to track 
reinfection risk during pathogen emergence, 
including refinements to assess the impact of 
waning immunity, account for vaccine-derived 
protection, and monitor the risk of multiple 
reinfections, will be important for future pan- 
demic preparedness. 
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We provide two methods for monitoring reinfection trends in routine surveillance data to identify 
signatures of changes in reinfection risk and apply these approaches to data from South Africa’s severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) epidemic to date. Although we found no 
evidence of increased reinfection risk associated with circulation of the Beta (B.1.351) or Delta (B.1.617.2) 
variants, we did find clear, population-level evidence to suggest immune evasion by the Omicron 
(B.1.1.529) variant in previously infected individuals in South Africa. Reinfections occurring between 

1 November 2021 and 31 January 2022 were detected in individuals infected in all three previous waves, 
and there has been an increase in the risk of having a third infection since mid-November 2021. 


s of 31 January 2022, South Africa had 

>3.6 million cumulative laboratory- 

confirmed cases of severe acute respira- 

tory syndrome coronavirus 2 (SARS-CoV-2), 

which were concentrated in four waves 
of infection (Fig. 1). The first case was detected 
in early March 2020 and was followed by a 
wave that peaked in July 2020 and ended in 
September 2020. The second wave, which peaked 
in January 2021 and ended in February 2021, 
was driven by the Beta (B.1.351/501Y.V2/20H) 
variant, which was first detected in South 
Africa in October 2020 (1). The third wave, 
which peaked in July 2021 and ended in 
September 2021, was dominated by the Delta 
(B.1.617.2/478K.V1/21A) variant (2). In late 
November 2021, the Omicron (B.1.1.529/21K) 
variant was detected in Gauteng Province, the 
smallest yet most populous province in South 
Africa, and was associated with rapidly increas- 
ing case numbers (3). The estimated effective 
reproduction number in Gauteng based on 
polymerase chain reaction (PCR)-confirmed 
cases was 2.3 as of 18 November 2021, which 
was as high as had been seen at any point 
during the prior three waves, and peaked at 
>3 in late November 2021 (4, 5). The propor- 
tion of positive PCR tests with S-gene target 
failure, a marker of the BA.1 sublineage of the 
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Omicron variant, subsequently increased across 
all provinces (6). 

After the emergence of three variants of 
concern (VOCs) in South Africa, a key question 
remaining in late 2021 was whether there was 
epidemiologic evidence of increased risk of 
SARS-CoV-2 reinfection with these variants 
(i.e., immune escape from natural infection). 
Laboratory-based studies suggest that con- 
valescent serum has a reduced neutralizing 
effect on the Beta, Delta, and Omicron variants 
compared with wild-type virus in vitro (7-12); 
however, this finding does not necessarily 
translate into immune evasion at the popula- 
tion level. 

To determine whether reinfection risk has 
changed through time, it is essential to account 
for potential confounding factors affecting the 
incidence of reinfection, namely, the changing 
force of infection experienced by all individu- 
als in the population and the growing number 
of individuals eligible for reinfection through 
time. These factors are tightly linked to the 
timing of epidemic waves. We examined re- 
infection trends in South Africa using two 
approaches that account for these factors to 
address the question of whether circulation 
of VOCs has been associated with increased 
reinfection risk, as would be expected if their 
emergence were driven or facilitated by im- 
mune evasion. 


Identification of and characterization 
of reinfections 


We define a suspected reinfection as a positive 
SARS-CoV-2 test in an individual with at least 
one previous positive test whose most recent 
positive test occurred at least 90 days earlier. 
Based on routinely collected line-list data 
maintained by the National Institute for Com- 
municable Diseases (NICD) with specimen 
receipt dates between 4 March 2020 and 
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31 January 2022, we identified 105,323 indi- 
viduals with at least two suspected infections, 
1778 individuals with at least three suspected 
infections, and 18 individuals with four sus- 
pected infections. 


Time between successive positive tests 


The distribution of times between successive 
positive tests for individuals’ first and second 
infections has peaks near 170, 350, and 520 days 
(Fig. 2A). The shape of the distribution is 
strongly influenced by the timing of South 
Africa’s epidemic waves, which have been 
spaced ~6 months apart. The first peak cor- 
responds mainly to individuals whose primary 
infection and second infection occurred in 
consecutive waves (e.g., initially infected in 
wave 1 and reinfected in wave 2, initially in- 
fected in wave 2 and reinfected in wave 3, or 
initially infected in wave 3 and reinfected in 
wave 4), whereas the second peak corresponds 
mainly to individuals initially infected in 
wave 1 and reinfected in wave 3 or initially 
infected in wave 2 and reinfected in wave 4. 
The third peak corresponds to individuals 
initially infected in wave 1 and reinfected in 
wave 4. 

Almost all suspected third infections occurred 
after 31 October 2021, i.e., during the period of 
Omicron circulation. The distribution of times 
between successive positive tests for individ- 
uals’ second and third infections has peaks 
corresponding to those whose second infec- 
tions occurred in the second and third waves. 


Individuals with multiple suspected reinfections 


A total of 1778 individuals who had three or 
more suspected infections were identified. Be- 
fore the emergence of Omicron, most of these 
individuals initially tested positive during 
the first wave, with suspected reinfections 
associated with waves 2 and 3; however, 
1492 individuals with multiple reinfections 
(83.9%) experienced their third infection after 
31 October 2021, which suggests that most 
third infections were associated with trans- 
mission of the Omicron variant (Fig. 3). 


Population-level reinfection trends in 
South Africa 


The population at risk of reinfection has risen 
monotonically since the beginning of the epi- 
demic, with relatively rapid increases asso- 
ciated with each wave (delayed by 90 days 
because of our definition of reinfection; Fig. 1B). 
No suspected reinfections were detected until 
23 June 2020, after which the number of sus- 
pected reinfections increased gradually. The 
7-day moving average of suspected second 
infections reached a peak of ~160 during the 
second epidemic wave and 350 during the third 
wave (Fig. 1). After the third wave, the number 
of reinfections began to increase markedly in 
mid-November 2021. During the fourth wave, 
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Fig. 1. Daily numbers of detected primary infections, individuals eligible to be considered for 
reinfection, and suspected reinfections in South Africa. (A) Time series of detected primary infections. 
Black line indicates 7-day moving average; black points are daily values. Colored bands represent wave 
periods, defined as the period for which the 7-day moving average of cases (detected infections and 
reinfections) was at least 15% of the corresponding wave peak (purple indicates wave 1; pink, wave 2; 
orange, wave 3; and turquoise, wave 4). (B) Population at risk for reinfection: individuals who tested positive 
at least 90 days ago and have not yet had a suspected reinfection. (C) Time series of suspected second 
infections. Blue line indicates 7-day moving average; blue points are daily values. 


the 7-day moving average of suspected second 
infections reached nearly 2700, and the 7-day 
moving average of all suspected reinfections 
(including second, third, and fourth infec- 
tions) reached ~2750. 


Comparison of data with projections from a 
null model 


We developed a catalytic model to project the 
expected number of reinfections through time 
under the assumption of a constant reinfec- 
tion hazard coefficient (i.e., a null model of 
no change in reinfection risk). The model 
assumes that the reinfection hazard is pro- 
portional to the 7-day moving average of the 
total number of diagnosed infections (primary 
infections and reinfections). During our early 
monitoring of reinfection risk, we fitted the 
reinfection hazard coefficient to data from 
2 June 2020 to 30 September 2020 to param- 
eterize the null model of no change in the 
reinfection hazard coefficient through time and 
projected the number of reinfections through 
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30 June 2021. Based on this, we concluded that 
there was no population-level evidence of im- 
mune escape and recommended ongoing mon- 
itoring of reinfection trends (73). 

Given that there was no evidence of diver- 
gence from the null projection during the sec- 
ond wave and to improve convergence of the 
Metropolis-Hastings Monte Carlo Markov 
Chain (MCMC) fitting algorithm, for the pres- 
ent analysis, we repeated the fitting process 
using the time window of 2 June 2020 to 
28 February 2021 (representing the end of the 
month in which the second wave ended). This 
led to good convergence with regard to esti- 
mation of both the negative binomial disper- 
sion parameter and the reinfection hazard 
coefficient (fig. S4) and allowed us to fit the 
model to all nine provinces. The 7-day moving 
average of observed reinfections and most indi- 
vidual daily values fell within the projection 
interval from the beginning of the projec- 
tion period though the end of the third wave 
(Fig. 4). From early November 2021, however, 
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the 7-day moving average of observed reinfec- 
tions reached the upper bound of the pro- 
jection interval, with many individual daily 
numbers falling well above the projection in- 
terval both nationally and in Gauteng (Fig. 4). 
This observed deviation from the projection 
under the null model is a signature of immune 
evasion, and the timing of this deviation sug- 
gests that it is associated with the emergence 
of the Omicron variant. A similar pattern has 
now been seen across all provinces in South 
Africa (figs. S5 to S7). 


Estimation of time-varying infection and 
reinfection hazards 


We also examined changes in the reinfection 
risk using a method that relies on reconstruc- 
tion of the numbers of observed and unobserved 
first and second infections through time (see 
the materials and methods for details). On 
the basis of this approach, the estimated hazard 
coefficient for primary infection increased 
steadily through the end of the third wave, 
as expected under a combination of relaxing 
of restrictions, behavioral fatigue, and the in- 
troduction of variants with increased trans- 
missibility (Beta and Delta). By contrast, the 
estimated hazard coefficient for reinfection 
remained relatively constant throughout this 
period, with the exception of an initial spike in 
mid-2020 (Fig. 5). Because both reinfection 
numbers and the population eligible for re- 
infection were very low at the time, this in- 
crease may be an artifact of intense follow-up 
of the earliest cases or simply noise caused by 
the small numbers. The estimated mean ratio 
of reinfection hazard to primary infection 
hazard decreased slightly from 0.15 in wave 1 to 
0.12 in wave 2 and 0.09 in wave 3. The absolute 
values of the hazard coefficients and hazard 
ratio are sensitive to assumed observation 
probabilities for primary infections and re- 
infections; however, the temporal trends are 
robust (fig. $8). 

The picture changed after the end of the 
third wave. Although there is substantial un- 
certainty in the estimated hazard coefficient 
for primary infection, it appeared to decrease 
from early October 2021, with a simultaneous 
increase in the estimated reinfection hazard 
coefficient (Fig. 5). This change became more 
marked from the beginning of November, 
with the mean ratio of reinfection hazard to 
primary infection hazard for the period from 
1 November 2021 to the beginning of the 
fourth wave increasing to 0.25 and a mean 
ratio during the fourth wave of 0.27. 

These findings are consistent with the esti- 
mates from a generalized linear mixed model 
based on the reconstructed dataset. In this 
analysis, the relative hazard ratio for wave 2 
versus wave 1 was 0.71 [95% confidence in- 
terval (CI): 0.60 to 0.85] and for wave 3 versus 
wave 1 it was 0.54 (95% CI: 0.45 to 0.64). The 
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Fig. 2. Time between consecutive infections based on the time between successive positive tests. 
Note that the time since the previous positive test must be at least 90 days to be considered a reinfection. 
(A) Time in days between the last positive test of the putative first infection and the first positive test 

of the suspected second infection. (B) Time in days between the last positive test of the putative second 
infection and the first positive tests of the suspected third infection. Colors represent suspected reinfections 
diagnosed on or after 1 November 2021. In both panels, bars for these individuals are colored by the 

wave during which the previous infection occurred (purple indicates wave 1; pink, wave 2; orange, wave 3; and 
light gray, interwave). 
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Fig. 3. Timing of infections for individuals with multiple suspected reinfections. Circles represent the 
first positive test of the first detected infection; triangles represent the first positive test of the suspected 
second infection; squares represent the first positive test of the suspected third infection; and crosses 
represent the first positive test of the suspected fourth infection. Colored bands represent wave periods, 
defined as the period for which the 7-day moving average of cases was at least 15% of the corresponding 
wave peak (purple indicates wave 1; pink, wave 2; orange, wave 3; and turquoise, wave 4). 
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relative hazard ratio for the period of Omicron 
emergence (1 November 2021 to the start of 
the fourth wave) versus wave 1 was 1.75 (95% 
CI: 1.48 to 2.10), and for wave 4 versus wave 1, 
it was 1.70 (95% CI: 1.44 to 2.04). 


Discussion and limitations 


Our analyses suggest that the cumulative 
number of reinfections observed through the 
end of wave 3 was consistent with the null 
model of no change in reinfection risk through 
time. Furthermore, our findings suggest that 
the relative hazard of reinfection versus pri- 
mary infection decreased with each subsequent 
wave of infections through September 2021, 
as would be expected if the risk of primary 
infection increased without a corresponding 
increase in reinfection risk. Thus, our analy- 
ses show no population-level evidence of im- 
mune escape associated with emergence of 
the Beta or Delta variants. By contrast, in 
November 2021, the number of daily new 
reinfections spiked and exceeded the 95% 
projection interval from the null model, and 
this was accompanied by a notable increase in 
the hazard ratio for reinfection versus primary 
infection. The timing of these changes strongly 
suggests that they were driven by the emer- 
gence of the Omicron variant. This finding has 
now been supported by analyses of reinfec- 
tion with Omicron in the United Kingdom 
and Qatar (14-16). 

Differences in the time-varying force of in- 
fection, original and subsequent circulating 
lineages, testing strategies, and vaccine cov- 
erage limit the usefulness of direct compar- 
isons of rates of reinfections across countries 
or studies. However, pre-Omicron reinfection 
does appear to be relatively uncommon. The 
PCR-confirmed reinfection rate ranged from 
0 to 1.1% across 11 studies included in a system- 
atic review (77). Although none of the studies 
included in the systematic review reported an 
increasing risk of reinfection over time, the du- 
ration of follow-up was less than a year and 
most studies were completed before the iden- 
tification of VOCs. Furthermore, all studies 
predated the emergence of Omicron. Our find- 
ings for the period before the emergence of 
Omicron are consistent with results from the 
PHIRST-C community cohort study conducted 
in two locations in South Africa, which found 
that infection before the second wave provided 
84% protection against reinfection during the 
second (Beta) wave (18), which is comparable 
to estimates of the level of protection against 
reinfection for wild-type virus from the SIREN 
study in the United Kingdom (19). 

A preliminary analysis of reinfection trends 
in the United Kingdom suggested that the 
Delta variant may have a higher risk of re- 
infection compared with the Alpha variant 
(20); however, this analysis did not take into 
account the temporal trend in the population 
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Fig. 4. Observed and expected temporal trends in reinfection numbers. Blue lines (points) represent 
the 7-day moving average (daily values) of suspected reinfections. Gray lines (bands) represent median predictions 
(95% projection intervals) from the null model. (A and €) Null model fit to the data on suspected reinfections 
through 28 February 2021. (B and D) Comparison of data with projections from the null model over the projection 
period. The divergence observed in reinfections from the projection interval in November suggests immune escape. 
(A) and (B) are South African national data and (C) and (D) are from Gauteng Province only. 


at risk for reinfection, which may have biased 
the findings. Because the Alpha variant never 
dominated transmission in South Africa, we 
are unable to analyze the relative risk of re- 
infection for the Alpha and Delta variants in 
this context; however, data from Qatar suggest 
that protection provided by prior infection is 
similar for Alpha and Delta (/4). 

Our findings regarding the Beta and Delta 
variants are somewhat at odds with in vitro 
neutralization studies. Both the Beta and Delta 
variants are associated with decreased neutral- 
ization by some anti-receptor-binding domain 
and anti-N-terminal domain monoclonal anti- 
bodies, although both Beta and Delta remain 
responsive to at least one anti-receptor-binding 
domain (8, 9, 27). In addition, Beta and Delta 
are relatively poorly neutralized by convales- 
cent sera obtained from unvaccinated indi- 
viduals infected with non-VOC virus (7-9, 21). 
Finally, sera obtained from individuals after 
both one and two doses of the BNT162b2 
(Pfizer) or ChAdOx1 (AstraZeneca) vaccines 
displayed lower neutralization of the Beta and 
Delta variants compared with non-VOCs and 
the Alpha VOC (9). Although this does not 
have direct bearing on reinfection risk, it is an 
important consideration for evaluating im- 
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mune escape more broadly. Non-neutralizing 
antibodies and T-cell responses could explain 
the apparent disjuncture between our findings 
and the in vitro immune evasion demonstrated 
by both Beta and Delta. 


Strengths of this study 


Our study has three major strengths. First, we 
analyzed a large routine national dataset com- 
prising all confirmed cases in the country, 
allowing a comprehensive analysis of suspected 
reinfections in the country. Second, we found 
consistent results using two different analyt- 
ical methods, both of which accounted for the 
changing force of infection and increasing 
numbers of individuals at risk for reinfection. 
Third, our real-time routine monitoring was 
sufficient to detect a population-level signal of 
immune evasion during the initial period of 
emergence of the Omicron variant in South 
Africa before results from laboratory-based 
neutralization tests, providing timely infor- 
mation of importance to global public health 
planning. 


Limitations of this study 


The primary limitation of this study is that 
changes in testing practices, health-seeking 
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behavior, or access to care have not been di- 
rectly accounted for in these analyses. Estimates 
based on serological data from blood donors 
suggest substantial geographic variability in 
detection rates (22), which may contribute 
to the observed differences in reinfection 
patterns by province (fig. S1). Detection rates 
likely also vary through time and by other 
factors affecting access to testing, which may 
include occupation, age, and socioeconomic 
status. In particular, rapid antigen tests, which 
were introduced in South Africa in late 2020, 
may be underreported despite mandatory re- 
porting requirements. Although we have in- 
corporated adjustments that account for late 
reporting of antigen tests, if underreporting of 
antigen tests were substantial and time vary- 
ing, then it could still influence our findings. 
However, comparing temporal trends in in- 
fection risk among those eligible for reinfec- 
tion with the rest of the population, as in 
approach 2, mitigates against potential fail- 
ure to detect a substantial increase in risk. 
Civil unrest during July 2021 severely dis- 
rupted testing in Gauteng and KwaZulu-Natal, 
the two most populous provinces in the country. 
Case data are unreliable during the period of 
unrest and a key assumption of our models, 
that the force of infection is proportional to the 
number of positive tests, was violated during 
this period, resulting in increased misclassi- 
fication of individuals regarding their status 
as to whether they were at risk of primary or 
reinfection. The effect of this misclassification 
on the signal of immune escape during the 
period of Omicron’s emergence would likely 
be small and would be expected to bias subse- 
quent reinfection hazard estimates downward. 
The purpose of our analysis is to detect 
changes in the relative reinfection risk through 
time, rather than to precisely estimate what 
the reinfection risk is at any particular point 
in time. Although issues related to under- 
detection of both primary infections and re- 
infections are likely to affect the projection 
intervals against which we compare observed 
reinfections, we believe that our assessment 
of changes in the reinfection hazard are fairly 
robust to these detection issues. In effect, 
approach 1 follows an open cohort of individ- 
uals who have had a first detected infection. 
Through time, this may include an increasing 
number of individuals whose first true infec- 
tion was missed and whose first diagnosed 
infection was in fact a reinfection. These indi- 
viduals would presumably be at a reduced risk 
of acquiring a new infection relative to those 
whose first detected infection was their first 
true infection. Two other factors would bias 
the results in the same direction: undetected 
reinfections in the cohort of individuals having 
had a first detected infection and deaths 
within this cohort, which are not accounted 
for because of not having a mortality line list 
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Fig. 5. Estimates of infection and reinfection hazards. (A) Estimated time-varying hazard coefficients 
for primary infection (black) and second infections (blue). Colored bands represent wave periods, defined 
as the period for which the 7-day moving average of cases was at least 15% of the corresponding wave 
peak (purple indicates wave 1; pink, wave 2; orange, wave 3; and turquoise, wave 4). (B) Ratio of the 
estimated hazard for reinfections to the estimated hazard for primary infections. 


that can be linked to the positive test data. 
All three factors artificially inflate the esti- 
mated denominator of individuals at risk for 
a second detected infection, thereby reducing 
the apparent reinfection risk. These factors 
may explain the slightly lower observed than 
projected number of reinfections throughout 
the Delta wave, but did not have a substantial 
enough effect to prevent detection of the in- 
creased reinfection risk associated with the 
Omicron variant. 

The other main limitation of this study is 
that reinfections were not confirmed by se- 
quencing or by requiring a negative test be- 
tween putative infections. Nevertheless, the 
90-day window between consecutive positive 
tests reduces the possibility that suspected 
reinfections were predominantly the result 
of prolonged viral shedding. Furthermore, 
because of data limitations, we were unable 
to determine whether symptoms and severity 
in primary episodes correlate with protection 
against subsequent reinfection. 

Finally, whereas vaccination may increase 
protection in previously infected individuals 
(23-26), vaccination coverage in South Africa 
was very low during much of the study period, 
with only 22.5% of the population fully vacci- 
nated by 30 November 2021 (27). Nevertheless, 
increasing vaccination uptake may reduce the 
risks of both primary infection and reinfec- 
tion. The vaccination status of individuals with 
suspected reinfections identified in this study 
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was unknown. Application of our approach to 
other locations with higher vaccine coverage 
would require a more nuanced consideration 
of the potential effect of vaccination. Further 
areas for future methodological development 
include accounting for potential waning of 
natural and vaccine-derived immunity, as well 
as methods to track changes in the risk of mul- 
tiple (three or more) infections. 

Given the limitations outlined above, esti- 
mates of the extent of immune evasion based 
on our approach, which aims to detect changing 
trends rather than make precise estimates, 
should be treated with caution. 


Conclusion 


We found evidence of a substantial increase in 
the risk of reinfection with SARS-CoV-2 that 
was temporally consistent with the timing of 
the emergence of the Omicron variant in South 
Africa, suggesting that Omicron’s selection 
advantage was at least partially driven by an 
increased ability to infect previously infected 
individuals. 

By contrast, we found no evidence that re- 
infection risk increased as a result of the emer- 
gence of Beta or Delta variants, suggesting 
that the selective advantage that allowed these 
variants to spread derived primarily from in- 
creased transmissibility rather than from im- 
mune evasion. The discrepancy between the 
population-level evidence presented here and 
expectations based on laboratory-based neu- 
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tralization assays for Beta and Delta highlights 
the need to identify better correlates of immu- 
nity for assessing immune escape in vitro. 

Immune evasion from prior infection has 
important implications for public health glob- 
ally. As new variants emerge, methods to quan- 
tify the extent of immune evasion for both 
natural and vaccine-derived immunity, as 
well as changes in transmissibility and dis- 
ease severity, will be urgent priorities to in- 
form facility readiness planning and other 
public health operations. 


Methods 
Data sources 


Data analyzed in this study came from two 
sources maintained by the NICD: the outbreak- 
response component of the Notifiable Medical 
Conditions Surveillance System (NMC-SS) de- 
duplicated case list and the line list of repeated 
SARS-CoV-2 tests. All positive tests conducted 
in South Africa appear in the combined data- 
set regardless of the reason for testing or 
type of test (PCR or antigen detection) and 
include the large number of positive tests that 
were retrospectively added to the dataset on 
23 November 2021 (28). Of the 18,585 cases 
reported on 23 November, 93% had speci- 
men receipt dates before 1 November 2021, 
and 6% had specimen receipt dates on or after 
21 November 2021. 

A combination of deterministic (national 
identity number, name, and date of birth) 
and probabilistic linkage methods were used 
to identify repeated tests conducted on the 
same person. In addition, provincial COVID-19 
contact-tracing teams identified and reported 
repeated SARS-CoV-2-positive tests to the 
NICD, whether detected by PCR or antigen 
tests. The unique COVID-19 case identifier that 
links all tests from the same person was used 
to merge the two datasets. Irreversibly hashed 
case IDs were generated for each individual in 
the merged dataset. 

Primary infections and suspected repeat 
infections were identified using the merged 
dataset. Repeated case IDs in the line list were 
identified and used to calculate the time be- 
tween consecutive positive tests for each indi- 
vidual using specimen receipt dates. If the time 
between sequential positive tests was at least 
90 days, the more recent positive test was con- 
sidered to indicate a suspected new infection. 
We present a descriptive analysis of suspected 
third and fourth infections, although only sus- 
pected second infections were considered in 
the analyses of temporal trends. Incidence time 
series for primary infections and reinfections 
were calculated by specimen receipt date of the 
first positive test associated with the infection, 
and total observed incidence was calculated 
as the sum of first infections and reinfections. 
The specimen receipt date was chosen as 
the reference point for analysis because it is 
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complete within the dataset; however, prob- 
lems have been identified with the accuracy of 
specimen receipt dates for tests associated 
with substantially delayed reporting from 
some laboratories. For these tests, which had 
equivalent entries for specimen receipt date 
and specimen report date that were >7 days 
after the sample collection date, the specimen 
receipt date was adjusted to be 1 day after the 
sample collection date, reflecting the median 
delay across all tests. 

All analyses were conducted in the R sta- 
tistical programming language [version 4.0.5 
(2021-03-31)]. 


Timing of reinfections 


We calculated the time between successive 
infections as the number of days between the 
last positive test associated with an individual’s 
first or second identified infection (i.e., within 
89 days of a previous positive test, if any) and 
the first positive test associated with their 
suspected subsequent infection (i.e., at least 
90 days after the most recent positive test). We 
analyzed the distribution of these times for 
all second and third infections and for the 
subset of second and third infections occurring 
since 1 November 2021. 


Statistical analysis of reinfection trends 


We analyzed the NICD national SARS-CoV-2 
routine surveillance data to evaluate whether 
reinfection risk has changed since the emer- 
gence of VOCs in South Africa. We evaluated 
the daily numbers of suspected reinfections 
using two approaches. First, we constructed a 
simple null model based on the assumption 
that the reinfection hazard experienced by pre- 
viously diagnosed individuals is proportional 
to the incidence of detected infections and then 
fit this model to the pattern of suspected second 
infections observed through 28 February 2021. 
The null model assumes no change in the re- 
infection hazard coefficient through time. We 
then compared observed reinfections after the 
fitting period with expected reinfections under 
projections from the null model. Second, we 
evaluated whether there has been a change in 
the relative hazard of reinfection versus primary 
infection to distinguish between increased 
overall transmissibility of the variants and 
any additional risk of reinfection due to po- 
tential immune escape. To do this, we calcu- 
lated a hazard coefficient at each time point 
for primary and second infections and com- 
pared their relative values through time. 


Approach 1: Catalytic model assuming a 
constant reinfection hazard coefficient 

Model description 

For a case testing positive on day ¢ (by spe- 
cimen receipt date), we assumed that the re- 
infection hazard is 0 for each day from ¢ + 1 to 
t+ 89 and X/, for each day t = t + 90, where f, 
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is the 7-day moving average of the detected 
case incidence (first infections and reinfections) 
for day t. The probability of a case testing posi- 
tive on day ¢ having a diagnosed reinfection 
by day # is thus p(¢t,7) =1—e =" , and 
the expected number of cases testing positive 
on day ¢ that have had a diagnosed reinfection 
by day w is I/p(t,#), where J} is the detected 
case incidence (putative first infections only) 
for day t. Thus, the expected cumulative num- 


t=2 
ber of reinfections by day visY, = >> I}p(t,«), 
t=0 


and the expected daily incidence of reinfections 
on day # is D, = Yy - Yy-4. 


Model fitting 


The model was fitted to observed reinfection 
incidence through 28 February 2021 assuming 
that data are negative binomially distributed 
with mean D,. The reinfection hazard coeffi- 
cient (A) and the inverse of the negative bi- 
nomial dispersion parameter («) were fitted 
to the data using an MCMC estimation pro- 
cedure implemented in the R statistical pro- 
gramming language. We ran four MCMC 
chains with random starting values for a total 
of 10,000 iterations per chain, discarding the 
first 1000 iterations (burn-in). Convergence 
was assessed using the Gelman-Rubin diag- 
nostic (29). 


Model-based projection 


We used 1500 samples from the joint posterior 
distribution of fitted model parameters to simu- 
late possible reinfection time series under the 
null model, generating 100 stochastic realiza- 
tions per parameter set. We then calculated 
projection intervals as the middle 95% of daily 
reinfection numbers across these simulations. 
We applied this approach at the national and 
provincial levels. 


Approach 2: Estimation of time-varying infection 
and reinfection hazards 


We estimated the time-varying empirical 
hazard of infection as the daily incidence per 
susceptible individual. This approach requires 
reconstruction of the number of susceptible 
individuals through time. We distinguish be- 
tween three “susceptible” groups: naive in- 
dividuals who have not yet been infected (Sj), 
previously infected individuals who had un- 
detected infections at least 90 days ago and 
have not yet had a second infection (S7), and 
previously infected individuals who had a prior 
positive test at least 90 days ago and have not 
yet had a second infection (S,). We estimated 
the numbers of individuals in each of these 
categories on day ¢ as follows: 
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where Vis the total population size and P(f) = 
Pops(t)/Dops is the total number of primary 
infections on day t, of which P,,,(¢) were 
observed and Pyissea(t) = P(@ - Pops(t) were 
missed. 


t=t—89 


So (t) = > Pmissea(t) = 


i=0 i=0 


where U(t) = ho(t)S¥(¢) is the number of new 
infections among individuals whose first in- 
fection was missed. These individuals are 
assumed to experience the same infection 
hazard as individuals whose primary in- 
fection was diagnosed and have not yet been 


reinfected, estimated as ho(t) = Merete, Be- 


cause individuals are not eligible for reinfection 
until at least 90 days after their primary infec- 
tion, we set U(t) = ho(t) = 0 when ¢ < 90. 


t=t—89 t=t 


So(t) = > Pops (t) — 


i=0 


where Pops, is the probability of detection for 
individuals who have had a previously iden- 
tified infection, and X; is the number of in- 
dividuals with a second detected infection 
on day 7. Only the possibility of second in- 
fections are accounted for in the model, 
which was developed to monitor reinfection 
risk against a background in which reinfec- 
tions were rare. 

This setup allows recursive calculation of 
U(t) and therefore U,ys(t) = U(t)Doos,, where 
Pops, 18 the probability of a second infection 
being observed in an individual whose first 
infection was missed, and P.,,(¢) = C;- Uops®), 
where C; is the number of individuals with 
their first positive test on day ft (i.e., detected 
cases). The daily hazard of infection for pre- 
viously uninfected individuals is then esti- 
mated as h,(t) = sty 

If we assume that the hazard of infection 
is proportional to the 7-day moving average 
of infection incidence (¥; = P(t) + U(t)+ 
Xe /Pobs,), then we can then examine the in- 
fectiousness of the virus through time as 
A(t) = hy(t)/Y;, and Ao(t) = ho(t)/Y;. We con- 
structed uncertainty intervals around A,(¢), 
A,(t), and their ratio, taking into account both 
measurement noise and uncertainty in the ob- 
servation parameters (see the supplementary 
materials for details). 

We also used this approach to construct a 
dataset with the daily numbers of individuals 
eligible to have a primary infection [S,(4)] or 
suspected second infection [S,(t)] by wave. 
Wave periods were defined as the time sur- 
rounding the wave peak for which the 7-day 
moving average of case numbers was >15% of 
the wave peak. We then analyzed these data 
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using a generalized linear mixed model to 
estimate the relative hazard of infection in 
the population eligible for suspected second 
infection compared with the hazard in the 
population not eligible for suspected second 
infection. For this analysis, we assume Pops = 
0.1 and Pops, = 0.5, which falls within the 
plausible range of observation probabilities 
(fig. S8). 


Our primary regression model was a Poisson 


model with a log link function, groupinc = 
Poisson(u): 


log() ~ group* wave + offset[log(groupsize)] + 


(day) 


The outcome variable (groupinc) was the 


reconstructed daily number of observed infec- 
tions in the two groups, P,),(t) and X;. Our 
main interest for this analysis was in whether 
the relative hazard was higher in the second 
wave, third wave, prewave period in which 
Omicron emerged, and/or the fourth wave 
relative to during the first wave, thus poten- 
tially indicating immune evasion. This effect 
is measured by the interaction term between 
group and wave. The offset term is used to 
ensure that the estimated coefficients can be 
appropriately interpreted as per capita rates. 
We used day as a proxy for force of infection 
and reporting patterns and examined models 
where day was represented as a random effect 
(to reflect that observed days can be thought of 
as samples from a theoretical population) and 
as a fixed effect (to better match the Poisson 
assumptions). Because focal estimates from the 
two models were indistinguishable, we present 
only the results based on the random effect 
assumption. 
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CLIMATE ECONOMICS 


Land-use emissions embodied in international trade 


Chaopeng Hong"?*+, Hongyan Zhao**+, Yue Qin®, Jennifer A. Burney®, Julia Pongratz”*, 
Kerstin Hartung’+, Yu Liu®?°, Frances C. Moore”, Robert B. Jackson’, 
Qiang Zhang‘, Steven J. Davis?7?* 


International trade separates consumption of goods from related environmental impacts, including 
greenhouse gas emissions from agriculture and land-use change (together referred to as “land-use 
emissions”). Through use of new emissions estimates and a multiregional input-output model, we 
evaluated land-use emissions embodied in global trade from 2004 to 2017. Annually, 27% of land-use 
emissions and 22% of agricultural land are related to agricultural products ultimately consumed in a 
different region from where they were produced. Roughly three-quarters of embodied emissions are from 
land-use change, with the largest transfers from lower-income countries such as Brazil, Indonesia, and 
Argentina to more industrialized regions such as Europe, the United States, and China. Mitigation of 
global land-use emissions and sustainable development may thus depend on improving the transparency 


of supply chains. 


uman land use, while producing vast 
quantities of agricultural and forestry 
products, has also disrupted ecosystems 
(1), degraded biodiversity (2), and added 
considerable quantities of greenhouse 
gases (GHGs) to the atmosphere (3). However, 
as a result of international trade, environmen- 
tal effects have often occurred in different re- 
gions from where products are consumed 
(4, 5). Previous studies have thus quantified 
energy-related emissions of CO. embodied in 
global trade (i.e., traded goods and services) 
(6, 7), as well as air pollution (8) and land (9-17) 
and water resources (12, 13) virtually embodied 
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Fig. 1. Agricultural products, land use, and land-use emissions embodied in 
international trade. (A) Global agricultural and forestry products, (B) agricultural 
land use, and (€) land-use emissions embodied in trade over 2004 to 2017 by 
product (sector). In each panel, the global total is indicated by the bold black line. 
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in trade. However, previous assessments of 
land-use GHG emissions embodied in trade 
have focused on specific regions and com- 
modities such as Brazilian cattle and soybeans 
(14) or meat (15), with no comprehensive global 
analysis of emissions from both agriculture and 
land-use change. 

Global analysis of trade-related land-use 
emissions has been hindered by a lack of suf- 
ficiently detailed estimates of country-, region-, 
and product-specific land-use emissions [in- 
cluding emissions from both agriculture and 
land-use change (LUC)] (/4, 16, 17). However, a 
recent study (3) has now supplied the neces- 
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sary data showing that land-use emissions 
represent ~25% of net anthropogenic GHG 
emissions in recent years, about half the amount 
as methane (CH,) and nitrous oxide (NO) 
emissions from agricultural production (in- 
cluding both crops and livestock) and half as 
CO, emissions from LUC (3, 18-21). These 
land-use emissions are substantial enough 
to threaten international climate goals even if 
fossil fuel emissions are drastically reduced 
(3, 22). Trade-related accounting of global 
land-use emissions is needed to reveal the in- 
ternational drivers of land-use emissions and to 
better target and coordinate mitigation efforts. 

We present comprehensive estimates of 
land-use emissions embodied in international 
trade. Details of our analytic approach are 
described in the materials and methods (23). 
In summary, we use a multiregional input- 
output model to attribute land-use emissions 
associated with the production of various agri- 
cultural and forestry products to final con- 
sumption in 141 world regions (most individual 
countries) in the years 2004, 2007, 2011, 2014, 
and 2017. Trade data are from the Global Trade 
Analysis Project (GTAP) and production-based 
estimates of land-use emissions and agricul- 
tural products are from Hong et al. (3), which 
are in turn based on agricultural emissions 
from the United Nations Food and Agriculture 
Organization (FAO) (24) and LUC emissions 
from a spatially explicit bookkeeping model 
(BLUE) (6, 21). By using the “base case” 
accounting assumptions of Hong et al. (3), we 
report emissions in units of CO, equivalent 
(COg-eq) with the 100-year global warming 
potentials of CH, and N,O and assign land-use 


Embodied Emissions 


6 Races == 
Land-use Emis. 
(LUC + Ag.) 


oo = oa 


GHG emissions (Gt CO 2-eq per year) 


= 


2007 2011 


Year 


2014 2017 
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emissions are embodied in trade. In (A), the agricultural products traded are in 
units of constant 2004-2006 billion international dollars. In (C), the subset of land- 
use change (LUC) emissions is indicated by the dashed white line. 
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change emissions to the years in which they 
probably occurred (“legacy” emissions). We 
exclude carbon uptake related to abandoned 
agricultural land, as it is not possible to asso- 
ciate such land with a specific product. The 
input-output approach—widely used for calcu- 
lating embodied emissions (6, 7)—maps emis- 
sions to the region where related goods are 
ultimately consumed (consumption emissions), 
even if the products are transshipped through 
an intermediary region or are intermediate 
constituents in a multiregional supply chain. 
Therefore, our trade analysis provides valuable 
information beyond bilateral trade data, which 
do not track such re-exports (12, 25). The dif- 
ference between each region’s production 
emissions and consumption emissions repre- 
sents the net emissions embodied in trade and 
is therefore equal to the emissions related to 
imported goods minus the emissions related to 
exported goods. Lastly, we analyze the driving 
factors of country- or region-level changes in 
embodied emissions from 2004 to 2017 by a 
structural decomposition analysis. Our anal- 
ysis is focused on land-use emissions embodied 
in international trade at the national scale; 
thus, subnational and smaller-scale details 
are not well revealed, though such local pro- 
cesses will ultimately be critical to more sus- 
tainable global food production and trade. 


Land use and emissions embodied in trade 


Between 2004 and 2017, we found that roughly 
1 billion hectares of agricultural land (both 
cropland and pasture) were used for traded 
agricultural products, representing ~22% of 
agricultural land worldwide (Fig. 1B), a re- 
sult consistent with previous studies (J/, 26). 
However, a somewhat higher share of global 
land-use emissions (~27%) are embodied in 
international trade, ranging between 4.5 and 
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5.8 billion metric tons (Gt) COz-eq per year 
during the study period (note that carbon 
uptake from agriculture abandonment is not 
included in the analysis) (Fig. 1C). Among the 
traded commodities, cereals (rice, wheat, maize, 
and other grains) and oil crops (soybeans, oil 
palm, and other oil seeds) together represent 
26 to 35% of the land use of traded products 
and 45 to 54% of embodied emissions over 
the study period. Animal products (such as 
cattle, sheep, pigs, chicken, and raw milk), 
which generally require more land area per 
unit produced (3, 27), constitute 55 to 67% of 
embodied land use but only 14 to 19% of net 
embodied emissions. By contrast, although 
vegetables and fruits represent a large share 


F 


5,758 Mt (27%) 


(roughly a quarter) of traded agricultural and 
forestry products by value (Fig. 1A), their land 
requirements and emissions are compara- 
tively small (representing <8% of embodied 
land and emissions). 

The dominant global feature of embodied 
land-use emissions, persistent over time, are 
large exports of emissions from countries such 
as Brazil, Indonesia, Argentina, Australia, and 
Canada to consumers in developed regions 
such as the US, Europe, and Japan (Fig. 2). 
However, there were some substantial changes 
over the study period: although China was an 
important net exporter of agricultural products 
in 2004, rapid growth in imports during the 
study period meant that by 2017 it was an 


Fig. 2. Global distri- 
bution of land-use 
emissions embodied 
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important importer of agricultural products 
by value, as well as the largest net importer of 
embodied land use and emissions (Figs. 2 and 
3 and figs. S1 and $2). The growth in exports 
from Brazil to China—one of the most im- 
portant international trade flows of land-use 
emissions in 2017—coincided with diminish- 
ing Brazilian exports to Europe and the US, 
one of the most important trade flows in 
2004 (Fig. 2). The value of traded products 
and the land required to produce them (figs. 
S1 and $2) show similar changes over the 
decade of study. Figure S1 shows that the US 
was a net importer of agricultural products by 
value in 2004 but was a net exporter of agri- 
cultural products in 2014. Indonesia, by con- 
trast, was a net exporter of agricultural products 
by value and embodied emissions but a net 
importer of embodied land use. Finally, Russia 
was a net importer of agricultural products by 
value and embodied land use before 2014 but 
was a net exporter in 2017, attributable to its 
changing trade policies (e.g., import bans on 
certain agricultural products from some West- 
ern countries). 

We further decompose embodied land-use 
emissions into those related to land-use change 
(i.e., CO2 emissions related to land conversion; 
LUC) versus agricultural processes (i.e., GHGs 
emitted directly from the production of crops 
and livestock; see materials and methods for 
details) (23). Of the total global embodied 
land-use emissions over the study period, 
75 to 81% are related to land-use change 
(dashed white line in Fig. 1C), particularly 
conversion to croplands, suggesting that inter- 
national trade in agricultural commodities 
(especially crops) is related to substantial land- 
use change and related CO. emissions (28-37). 
Indeed, the major trade flows of land-use 
emissions (e.g., from Brazil and Indonesia) are 
also dominated by LUC emissions (Fig. 2 and 
fig. S3). Of all agricultural emissions embodied 
in trade, roughly two-thirds are related to CH, 
(from sources such as enteric fermentation, 
rice cultivation, and manure management) 
and one-third is related to N,O (e.g., from 
fertilizers and manure). The pattern of ex- 
porters and importers of agricultural emis- 
sions is somewhat similar to that of LUC 
emissions, but there are also differences (figs. 
S3 and S4) that reflect considerable variation 
in emissions intensities across regions. 


Regional land-use emissions 


Brazil was the largest net exporter of land-use 
emissions in 2017 [917 million tons (Mt) CO,-eq], 
followed by Argentina, Indonesia, Thailand, 
Russia, and Australia (150 to 330 Mt CO.-eq 
each; Fig. 3J). The largest net importer of land- 
use emissions in 2017 was China (814 Mt 
CO,-eq), followed by the US, Japan, Germany, 
the UK, Italy, South Korea, and Saudi Arabia 
(100 to 370 Mt CO,-eq each; Fig. 3G). There is 
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substantial but imperfect overlap between the 
largest exporters and importers of emissions 
and the largest exporters and importers of 
land use. For example, the largest net exporter 
of agricultural land use in 2017 was Australia 
[200 million hectares (Mha)], followed by Brazil, 
Mongolia, Argentina, and Canada (24 to 75 Mha 
each; Fig. 3K); notably, many of these coun- 
tries are important exporters of animal pro- 
ducts. On a per capita basis, net exports of 
emissions are largest (5 to 13 tons per capita) 
in regions where agriculture also accounts for 
a large share of regional economies and ex- 
ports (e.g., Paraguay, Australia, and Argentina; 
Fig. 3L). In these cases, more than half of the 


Emissions 


land-use emissions produced (and in Australia, 
more than half of agricultural land use) are 
related to exports (fig. S5, A and B, and fig. 
S6B). Similarly, net exports account for 40% 
of all land-use emissions produced in Brazil, 
and ~30% of Brazil’s agricultural land is used 
to support exports. By contrast, net imports of 
emissions are greatest (4 to 8 tons per capita) 
in affluent regions with little arable land (e.g., 
United Arab Emirates, Hong Kong, Singapore, 
Luxembourg, Kuwait; Fig. 31). In many of these 
regions, >90% of land-use emissions related 
to final consumption are embodied in imports 
(figs. S5D and S6C). The land use embodied in 
imports to Hong Kong, Singapore, and Bahrain 
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is in each case 1 to 2 orders of magnitude as 
large as the entire area of these regions (fig. S5F). 

Exports from Brazil, Indonesia, Argentina, 
Australia, Thailand, and Tanzania are par- 
ticularly emissions-intensive (Fig. 4). These 
agriculturally productive regions have carbon- 
dense forests (e.g., Brazil and Indonesia) (32) 
and/or produce emissions-intensive products 
(e.g., sheep and cattle in Australia), and more 
than three-quarters of their collective land-use 
emissions are from land-use change. By con- 
trast, the emissions intensity of exports from 
China, the US, Europe, and Japan is much 
lower and includes low levels of LUC emis- 
sions. Thus, emissions intensity of imports 
by affluent regions is typically much greater 
than that of their own exports or domestic 
production (Fig. 4 and fig. S6D), suggesting 
that consumption in some affluent regions 
drives land-use change and emissions in lower- 
income regions. Indeed, such large differences 
in emission intensity make the US a net emis- 
sion importer, although it was a net exporter 
of agricultural products by value in 2014 (Fig. 2 
and fig. S1). China, by contrast, was a net im- 
porter of LUC emissions and a net exporter 
of agricultural emissions from 2004 to 2011. 
Emission intensity of imports varies much less 
across regions, though it is noticeably high in 
China and India (Fig. 4). 

The exported land-use emissions from ma- 
jor exporters are usually dominated by a small 
subset of exported products (Fig. 5). For exam- 
ple, soybeans make up the largest compo- 
nent of emissions exported from Brazil (517 Mt 
CO.-eq in 2017) and Argentina (174 Mt CO,-eq), 
whereas oil palm makes up the largest com- 
ponent of emissions exported from Indonesia 
(132 Mt CO.-eq) and Malaysia (56 Mt CO.-eq), 
where agricultural expansion often occurs on 
peatlands. These products often have a high 
share of embodied emissions from land-use 
change to cropland (Fig. 5 and fig. $7). By con- 
trast, animal products such as cattle and sheep 
represent most of India’s exported emissions 
(~70 Mt CO.-eq in 2017), with a comparatively 
large share of the embodied emissions related 
to agricultural processes [e.g., CH, and N.O 
from enteric fermentation and manure man- 
agement (33); Fig. 5 and fig. S7]. Rice rep- 
resents nearly half of the emissions exported 
by Thailand, with considerable emissions from 
both land-use change and agricultural pro- 
cesses (CH, from rice cultivation). Wheat, 
cattle, and sheep dominate emissions exported 
by Australia. Imported emissions are com- 
paratively diversified, though a large share 
of emissions imported to China are related to 
oil crops such as soybeans (~600 Mt CO.-eq 
in 2017). 

Figure S7 shows the 50 largest product- 
specific trade flows of embodied emissions 
from 2004 to 2017. This list includes many 
large trade flows (e.g., Brazil-China, Brazil- 
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Europe, Indonesia-Europe) and major com- 
modity crop and animal products (soybeans, 
oil palm, cattle, maize), as well as some less 
recognized sources (e.g., Tanzania-Europe: 
tobacco, cocoa, coffee, and tea; Cote d’Ivoire- 
Europe: cocoa; Indonesia/Thailand-China: fiber 
and rubber). China’s soybean imports from 
Brazil, Argentina, and the US are all among 
the top 10 trade flows of emissions during the 
study period. The top flows may thus repre- 
sent targeted opportunities for efforts to sub- 
stantially reduce land-use emissions through 
global supply chains [e.g., expanding the soy 
moratorium (34) to Brazil’s Cerrado (35) and 
bolstering and broadening efforts such as 
the Roundtable on Sustainable Palm Oil (36) 
to include rubber from Southeast Asia and cash 
crops such as cocoa from Equatorial Africa]. 


Changes and drivers: 2004 to 2017 


Land-use emissions embodied in global trade 
increased by 14% between 2004 and 2017, 
from 5.1 to 5.8 Gt CO.-eq per year (Fig. 1C). 
Meanwhile, the land area supporting traded 
agricultural products decreased by 5% over 
the same period, with increases in cropland 
areas offset by decreases in pasture for livestock 
(Fig. 1B). Figure 6 decomposes the factors con- 
tributing to the changes in annual embodied 
emissions over the study period, showing that 
the 0.7-Gt CO.-eq increase was mostly due to 
increases in trade volume (+1.6 Gt) partly off- 
set by decreases in emission intensity (—0.9 Gt). 
In both cases, these changes were dominated 
by LUC emissions; embodied agricultural emis- 
sions changed very little (—0.02 Gt) because 
steady increases in trade volume (+0.23 Gt) 


were largely offset by decreases in emission 
intensity (—0.09 Gt) and changes in trade struc- 
ture (-0.16 Gt). Although some changes in 
trade structure—such as the decline in trade 
of cattle and sheep—reduced embodied agri- 
cultural emissions, others acted to increase 
LUC emissions through expansion of crop- 
land, resulting in an overall small effect on 
emissions embodied in trade (Figs. 1C and 6A, 
and fig. S7). 

More than half of the increase in annual 
land-use emissions embodied in trade from 
2004 to 2017 were related to exports from 
Argentina, Thailand, and Tanzania, which 
together rose by 477 Mt CO.-eq (+171%), in 
each case largely driven by increased emission 
intensity of LUC emissions accompanied with 
increased volume of agricultural exports (Fig. 
6B). Meanwhile, emissions embodied in Brazilian 
exports decreased by 81 Mt CO,-eq (-8%), in 
this case primarily because of decreased emis- 
sion intensity of LUC emissions related to 
decreases in deforestation in the Brazilian 
Amazon between 2004 and 2017 (34, 37, 38), 
which offset the growth from increased trade 
volume (Fig. 6B and fig. S8). By contrast, emis- 
sions embodied in imports to China and India 
increased by 692 Mt CO,-eq (+206%) and 77 Mt 
CO,-eq (+69%), respectively, over the study 
period, mostly driven by the increasing vol- 
ume of imports (Fig. 6C and fig. S8). Were it 
not for the observed changes in emissions 
intensity (that is, if trade volume and trade 
structure were the only factors affecting em- 
bodied emissions), then annual land-use emis- 
sions embodied in trade would have increased 
by 1.6 Gt CO,-eq (+31%) from 2004 to 2017, 
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and Brazil would have the largest increase— 
rather than decrease—in exported emissions 
(Fig. 6). Similarly, were it not for LUC emis- 
sions (that is, if only agricultural emissions 
were analyzed), there would have been very 
little change in emissions embodied in trade 
(-0.02 Gt; Fig. 6). 

Further details of changes in embodied land- 
use emissions from 2004 to 2017 related to 
specific region and product combinations are 
shown in Fig. 5 and figs. S7, S8, S9, and S10. In 
particular, China’s soybean imports and the 
related embodied emissions tripled from 2004 
to 2017, reaching 470 Mt CO -eq in 2017— 
mostly related to increases in exported emis- 
sions from Brazil, the US, and Argentina. The 
changes in soybean imports are a large part of 
the changing trade flows in Fig. 2; soybeans 
alone represent 46% of the 287 Mt decrease in 
Brazil’s net exported emissions to Europe from 
2004 to 2017, whereas Brazil’s net exported 
emissions to China rose over the same period 
(Fig. 2 and fig. $7). 


Discussion and conclusions 


Our results reveal that the share of land-use 
emissions embodied in international trade in 
recent years is comparable to the relative share 
of fossil fuel emissions traded internationally 
(27 and 21% in 2017, respectively; both calcu- 
lated by this study, see fig. S11 and materials 
and methods) (23). However, unlike fossil fuel 
CO, emissions, the largest net exporters of 
land-use emissions are concentrated in agrarian 
regions of the Southern hemisphere, in which 
the share of agricultural products exported is 
often high (e.g., Australia and Argentina). 
Further, carbon-dense and biodiverse eco- 
systems are often cleared and managed (e.g., 
tropical forests in Brazil and peatlands in 
Indonesia) to support exports of agricultural 
commodities to more affluent and/or populous 
regions such as Europe, the US, China, and 
Japan (Figs. 2 and 4, and fig. S6). Consumption- 
based land-use emissions are considerably 
lower than production-based emissions in 
Oceania, Southeast Asia, and Latin America, 
whereas the opposite is true in Europe, North 
America, and East Asia (figs. $12 and S13). 
Meanwhile, Europe, the US, and Japan are 
major net importers of both land-use emis- 
sions and fossil fuel CO. emissions, whereas 
substantial fossil emissions are embodied in 
China’s exports, offsetting China’s imports of 
land-use emissions (fig. S11). Although em- 
bodied land-use emissions are comparable in 
magnitude to embodied fossil fuel emissions 
in many regions (fig. S11), consumption-based 
accounting of land-use emissions is not yet 
required by any national policies or inter- 
national agreements (39-41). 

One central question is whether trade of 
agricultural products has inadvertently in- 
creased or decreased global emissions relative 
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to a world with no trade or different trade 
patterns. Although our methods cannot fully 
evaluate all trade counterfactuals, a simplistic 
approach that has been applied in the context 
of water use (13, 42) compares the emissions 
actually produced by exporters to the emis- 
sions that importers would produce if they 
were to create the imported products domes- 
tically (holding all current emissions inten- 
sities constant and assuming continued trade 
in products importers have never produced). 
This approach suggests that trade of the top 
10 net importers of emissions tends to increase 
global land-use emissions (their imports are 
more emissions-intensive than domestic pro- 
duction; fig. S6), whereas imports to Latin 
American and sub-Saharan African regions 
tend to reduce global emissions (their produc- 
tion is more emissions-intensive than imports). 
However, this simple method further suggests 


that in recent years global trade may have 
both increased and decreased global land-use 
emissions (by +1.2 Gt CO,-eq in 2004 and 
-0.2 Gt COz-eq in 2017, respectively). Given 
the strong assumptions entailed, these results 
should be interpreted cautiously, but they in- 
dicate that a substantial scale of climate miti- 
gation might be possible through strategic 
trade adjustments. Policy levers that take 
comparative environmental advantage into 
account—such as consumption-based account- 
ing and international price adjustments—may 
help induce such adjustments. 

Regardless of the global effect, however, 
prevailing patterns of trade and land use 
suggest that at least some trade flows may be 
exacerbating global GHG emissions and eco- 
logical habitat destruction. This conclusion 
is supported by a large and diverse literature 
concerned with “displaced land use” and 
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“indirect land use change” emissions related 
to agricultural and forest policies in the US 
and Europe, particularly related to biofuels 
and bioenergy (e.g., Europe’s decision to phase 
palm oil out of biofuel markets) (9, 43-45). 
We find that three-quarters of land-use emis- 
sions embodied in trade are related to land-use 
change, which is known to also have con- 
siderable ecological impacts (J, 2). If it were 
possible to produce the same crops by sustain- 
able intensification (46-48), land-use emissions 
embodied in trade would be drastically re- 
duced. Despite high LUC emissions, more than 
a quarter of agricultural land in Brazil and 
Argentina supports exports, suggesting that 
targeted zero deforestation agreements among 
international commodities traders could yield 
substantial environmental benefits. Policies 
similar to the Amazon Soy Moratorium (34) 
might be bolstered and expanded to include 
more regions and commodities such as soy 
from Brazil’s Cerrado [which has been pro- 
posed (35, 49)], palm oil from Indonesia and 
cocoa from Equatoria Africa. Well-crafted po- 
licies could help ensure that any additional 
costs associated with avoiding such land-use 
change would at least initially be borne by 
(typically more affluent) importing regions. 
However, proposals for Europe and the US to 
adopt border carbon fee adjustments to pre- 
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vent carbon leakage related to these regions’ 
climate mitigation efforts have rarely ex- 
tended to land-use emissions (50), and care 
would be needed to ensure that such policies 
were not implemented in a regressive manner. 

Our results, which identify the regions, pro- 
ducts, and trade relationships contributing 
most to the transfer of land-use emissions, 
may help target efforts to improve the sustain- 
ability of land use and agricultural production. 
In particular, international trade may be used 
to reduce the emission intensity of agricultural 
products in the future, on the basis of com- 
parative environmental advantage. For exam- 
ple, China’s imports of soybeans from the US 
are less emissions-intensive than that from 
Brazil and Argentina (fig. S7), suggesting that 
global emissions might be avoided if the US 
were able to produce and export more soy 
to China (51). Of course, it is not quite this 
straightforward as a result of the dynamism 
of global trade networks and other environ- 
mental factors such as water resources and 
biodiversity, as well as the influence of various 
and local social, political, and economic in- 
terests (52). Indeed, to better support local 
decision making in the future, datasets and 
analyses of food production and trade may be 
extended to resolve food system dynamics at 
subnational or finer spatial scales; for exam- 


ple, shifts in the use of marginal lands. By the 
same token, different datasets and accounting 
schemes can allocate land-use emissions dif- 
ferently among products and across time 
(materials and methods) (23). Nonetheless, 
our results make the case that policies incor- 
porating environmental externalities could help 
broaden the notion of comparative advantage, 
as well as reduce incentives for importers to 
offshore GHG emissions and for exporters to 
backslide into environmentally destructive 
practices. Land-use emissions are expected 
to be a key challenge in climate mitigation 
efforts as global population and food demands 
increase (3, 22). Our results demonstrate the 
importance of assessing land-use emissions 
embodied in trade to avoid policy-related 
leakage and reveal targeted opportunities 
for international cooperation to reduce emis- 
sions and land intensities of global agricul- 
tural production. 
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CATALYSIS 


The state of zinc in methanol synthesis over a 
Zn/Zn0/Cu(211) model catalyst 


Peter Amann’, Bernhard Klétzer?, David Degerman’, Norbert Képfle7t, Thomas Gétsch*, 


Patrick Lomker*? 


, Christoph Rameshan’®, Kevin Ploner”, Djuro Bikaljevic?, Hsin-Yi Wang’, 


Markus Soldemo’§, Mikhail Shipilin’, Christopher M. Goodwin’, Jorgen Gladh’s, 
Joakim Halldin Stenlid’], Mia Borner’, Christoph Schlueter‘, Anders Nilsson'* 


The active chemical state of zinc (Zn) in a zinc-copper (Zn-Cu) catalyst during carbon dioxide/carbon 
monoxide (CO2/CO) hydrogenation has been debated to be Zn oxide (ZnO) nanoparticles, metallic Zn, 
or a Zn-Cu surface alloy. We used x-ray photoelectron spectroscopy at 180 to 500 millibar to probe 
the nature of Zn and reaction intermediates during CO2/CO hydrogenation over Zn/ZnO/Cu(211), 
where the temperature is sufficiently high for the reaction to rapidly turn over, thus creating an almost 
adsorbate-free surface. Tuning of the grazing incidence angle makes it possible to achieve either 
surface or bulk sensitivity. Hydrogenation of CO2 gives preference to ZnO in the form of clusters or 
nanoparticles, whereas in pure CO a surface Zn-Cu alloy becomes more prominent. The results reveal 
a specific role of CO in the formation of the Zn-Cu surface alloy as an active phase that facilitates 


efficient CO2 methanol synthesis. 


ethanol receives much interest as an 
industrial chemical as well as for its 
potential as an energy carrier (J). Its 
gravimetric energy density is compa- 
rable to that of liquid ammonia and 
can easily be distributed and stored with es- 
tablished technologies. To date, the leading 
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industrial catalyst for the CO/CO, hydrogena- 
tion toward methanol consists of a mixture of 
Cu, ZnO, and Al,O; (2). Methanol synthesis is 
carried out between 150° and 300°C at pres- 
sures of 50 to 100 bar but can also occur at sub- 
stantially lower pressures of a few millibar (3). 
Although this catalytic process is a century 
old, years of intense research have aimed to 
determine the mechanism and active sites. 
The catalytic nature of the Zn in the catalyst 
is still highly debated (2), and the mechanism 
is not yet fully experimentally verified. The 
addition of ZnO/Zn goes beyond the role of a 
mere particle dispenser and acts as a chemi- 
cally active promoter of the reaction (the ZnCu 
synergistic effect). There are a number of hy- 
potheses about the chemical state of Zn—more 
specifically, whether it is in a metallic state 
as a surface alloy (4) or a bulk alloy (5), and 
whether small ZnO islands are present on the 
surface (6, 7) or in bulk forms (8, 9). There is 
also a proposal that mixed phases could co- 
exist, either in the bulk or on the surface (JO). 
Additionally, Zn diffusion and Zn spillover on 
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Fig. 1. Experimental setup and x-ray photoelectron spectra under different 
gas environments. (A) The surface of Zn/ZnO/Cu(211) is probed with grazing 
incidence x-rays at different angles (@, and ©2) while the surface is exposed to 
an elevated pressure of a gas mixture of CO, COs, and Ho. The surface was 

heated from the backside to achieve reaction conditions. (B) Experimental x-ray 
photoelectron spectra of the Zn 3d region obtained at 180 mbar, 140°C, and 

stoichiometric gas composition, using 4750 eV of photon energy. The experiment 


the Cu surface have been observed at various 
conditions, suggesting that the system can have 
a strongly dynamic character (4, 11). These 
highly divergent hypotheses result from a com- 
plex interplay between Cu and ZnO and the 
relative proportions of CO, and CO in the re- 
actant gas and thus have sparked intense de- 
bate (72, 13). 

Another mechanistic issue is whether the 
Zn-promoted mechanism propagates through 
formate and methoxy species as stable inter- 
mediates with different propensities, depend- 
ing on whether the reactants are COs, CO, or a 
mixture of both (4, 6, 14, 15). It has been de- 
termined from isotope labeling experiments 
that the reaction proceeds more efficiently 
from CO, than CO (6), but it remains un- 
resolved how the mixture of the two gases 
yields the highest production rate of methanol 
(17). However, the cooperative action of ZnO, 
and CO, has also been reported to enhance 
the rate of methanol synthesis from CO, even 
when the CO, fraction is as low as 3% (18). 

Experimental observation of the response 
from the potential active sites and surface in- 
termediates in situ could test the various hy- 
potheses about the active catalytic site, but 
such studies would need to be conducted near 
the operating conditions at which the reaction 
turns over (19). As the catalyst is exposed to 
elevated temperatures and pressures with a 
variable reaction mixture, it may undergo crit- 
ical changes that take place only in the upper- 
most atomic layers. In many cases, only a few 
active centers at step edges are responsible 
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for reaction propagation (20). Active centers 
and reaction intermediates often amount to 
minority species in a dominating macroscopic 
bulk system of the catalyst material together 
with a large macroscopic gas volume. To meet 
this challenge, recent studies have conducted 
in situ x-ray absorption spectroscopy of the 
Cu-Zn system at high-pressure conditions 
(8-10), but only with the use of bulk-sensitive 
detection schemes. 

X-ray photoelectron spectroscopy (XPS) can 
be used to investigate the chemical nature of 
catalytic surfaces and adsorbates through core- 
level shifts. In particular, all aspects of the 
catalyst system in terms of the metallic/oxide 
surface, adsorbates, and gas phase can be 
probed under identical conditions (27), and 
well-defined peaks are often observed. The 
high inelastic scattering cross section of photo- 
electrons in the gas phase makes vacuum con- 
ditions necessary. The approach for catalysis 
studies using XPS has either been postreaction 
analysis after the reaction at high pressure or 
under near-ambient-pressure conditions with 
a differential pumping arrangement (22). 

Near-ambient-pressure conditions in the 
1-mbar regime are still limited in terms of 
high-pressure capability when reactions pro- 
ceed at high rates (23). For the Cu-Zn system, 
the pressure has been restricted to between 
0.05 and 1 mbar (7, 10, 24). Nakamura et al. 
have pointed out that postreaction studies can 
potentially result in misleading conclusions 
about the active state of Zn in methanol syn- 
thesis (12), in which reaction intermediates 
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was conducted at ~35% surface Zn. The relative amount of ZnO to metallic 

Zn shows a strong dependency on gas composition. a.u., arbitrary units. 

(C) Experimental x-ray photoelectron spectra of the Zn 3d region obtained at 
500 mbar, 230°C, and H2:CO = 2.6:1 and H2:CO>2 = 2.6:1, using 4600 eV of photon 
energy at a Zn coverage of ~15%. The spectra contain more noise because of 
the elevated pressure but exhibit more-pronounced differences between the 


[e.g., formate (HCOO)] may decompose and 
oxidize the surface when the system is evacuated 
and the temperature is reduced. Kuld et ail. 
(3) and Behrens et al. (4) showed that the Zn 
coverage dynamically responds to the chem- 
ical potential of the surrounding gas, which, 
for postreaction experiments, will be changed 
upon evacuation. 

In this work, we demonstrate that a spe- 
cially engineered ambient-pressure XPS ex- 
periment, based on a design with local high 
pressure and extreme grazing incidence of 
incoming x-rays, is capable of providing high 
surface sensitivity (25). This approach enables 
investigation of the nature of Zn and surface- 
adsorbed intermediates with a pressure of 
several hundred millibar at elevated temper- 
atures, thereby shifting toward more-realistic 
conditions for methanol synthesis. To enable 
a direct comparison with theoretical calcula- 
tions (4) that aimed to describe the industrial 
catalytic process, we selected an identical 
model system with a stepped Cu(211) single 
crystal promoted by Zn. This system exhibits 
superior turnover frequency relative to other 
more-compact surfaces such as Cu(111) and 
Cu(100) (4, 6). 

Furthermore, the high concentration of steps 
at the surface acts to simulate defects, as mo- 
tivated by the study of Behrens e¢ al. (4). From 
Zn 3d core-level shifts, we found that the 
nature of Zn depended on the reaction gas 
mixture. Incidence angle-dependent spectra 
showed that, in CO,-rich conditions, ZnO was 
favored to exist as bulk-like particles, whereas 
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CO tended to generate metallic Zn that was 
alloyed with the Cu near the surface. From 
the C Is spectra, we concluded that for CO, 
reduction there was a codominance of for- 
mate and methoxy as long-lived intermediates, 
whereas in CO the methoxy species dominated. 
The coverage of the intermediates diminished 
at higher temperature, indicating that the re- 
action was turning over. The aforementioned 
results support a model in which higher meth- 
anol production yield with a mixture of CO, 
and CO (3) is a consequence of the strong re- 
ducing ability of CO, which generates a surface 
that has a high density of alloyed Cu-Zn sites 
(3) and is particularly active for CO, reduction 
to methanol (2). 


Outline of the experiment 


The principle of the experiment is illustrated 
in Fig. 1A (26). The Zn/ZnO/Cu(211) surface was 
prepared by evaporating metallic Zn and sub- 
sequent thermal annealing, generating around 
15 or 35% of surface Zn inside the vacuum 
chamber without exposure to air [higher an- 
nealing temperature or longer annealing time 
led to less Zn surface content (26)]. The sample 
surface was then placed parallel to and within 
30 um of the electron spectrometer entrance. 
Precleaned and premixed gases of CO, CO», 
and H, were directed onto the sample surface, 
which created a localized volume of elevated 
pressure that acted as a small virtual cell with 
rapid gas flow. Using a well-focused and low- 
divergence x-ray beam from beamline P22 at 
the Petra III synchrotron radiation facility, we 
probed the surface under grazing incidence con- 
ditions with a precision of +2 urad (25). Given 
the specific reflectivity of the Cu single crystal, 
the choice of incidence angles below and 
above the critical angle of reflection allowed 
us to obtain depth information (27). To ac- 
count for the variation in the pressure and 
differences in photoelectron absorption in the 
gas phase, all spectra were normalized to the 
simultaneously recorded Cu 2p3/2 core-level 
spectra. The measurements were conducted 
below a photon flux threshold so that beam- 
induced changes could be eliminated (26). 

Owing to its high photoionization cross 
section, the stronger bound 2p core level is 
often used to determine the oxidation state of 
3d metals. Previous studies focusing on the Zn 
2p3/2 core level showed a shift from 1021.2 to 
1021.8 eV upon oxidation of metallic Zn to 
ZnO (6), but the inherent lifetime broadening 
of the Zn 2pz3/2 core level renders peak de- 
convolution highly ambiguous. However, the 
valence-like Zn 3d core level has less lifetime 
broadening and allows deconvolution into 
metallic and oxidized states (28, 29), but with 
lower photoionization cross section and less 
signal intensity. 

The importance of in situ measurements in 
comparison to postreaction analysis in vacuum 
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Fig. 2. Zn 3d spectral region in different gas compositions and probing depths. Spectra were collected at 
180°C and ~280 mbar on the system Zn/ZnO/Cu(211) at a varying gas mixture of H2:(CO + COz) = 2.6:1, with 
CO:COz ratios indicated for ~15% surface Zn. Spectral raw data (circles) are deconvoluted by a four-peak structure. 
The green components at 9.53 and 9.85 eV correspond to the spin-orbit split components of metallic Zn 3d, the 
structure at 10.93 eV (gray) corresponds to ZnO, and the structure at 10.3 eV (light blue) corresponds to Zn in a 
(5+) oxidation state. (A) Highly surface-sensitive experiments at a grazing incidence angle of 0.3°. A pronounced 
change is observed as the Zn:Zn0O ratio varies. (B) Same experiment as in (A) but with a grazing incidence angle 
of 0.9° to achieve greater bulk sensitivity. Data were accumulated consecutively, from CO:CO> = 1:0 to CO:CO> = 0:1. 
For each fixed-gas mixture, the angles of 0.3° and 0.9° were investigated. 


has been demonstrated for CO.-rich conditions 
(26). The spectra in fig. S4 show distinctly dif- 
ferent peak positions, with a pronounced shift 
from oxidized Zn to more-metallic Zn under 
vacuum conditions (7). These findings empha- 
size the importance of in situ investigations, 
and we have conducted all of our experiments 
at pressures between 180 and 500 mbar. 


Metallic Zn or ZnO depending on 
gas composition 


In Fig. 1B we show Zn 3d spectra measured 
under reaction conditions of 180 mbar, 140°C, 
and 2:1 Hy:CO and 3:1 Hy:CO, gas fractions. 
The spectra were consistently characterized 
by four peaks at 10.9, 10.3, 9.8, and 9.5 eV 
throughout the accumulated dataset. As de- 
tailed below, the low-binding energy peaks at 
9.5 and 9.8 eV (green) corresponded to the 
spin-orbit split states of metallic Zn 3d3;. and 
Zn 3d5/2. We associated the broad structure 
at 10.9 eV (gray) with Zn in the +2 oxidation 


state, related to bulk-like ZnO. We assigned 
the component at ~10.3 eV (light blue) to a 
Zn-(6+) oxidation state species related to 
Zn interacting with formate and methoxy 
(4, 30, 31) as well as some ZnOH. Thus, we 
identified the preferential states of Zn di- 
rectly from the spectra under gas phase 
composition-dependent reaction conditions. 
Under CO-rich conditions (Hz:CO = 2:1), the 
metallic Zn signal became more dominant 
(Zn:ZnO = 0.6), whereas under CO,-rich con- 
ditions (Hz:CO, = 3:1), ZnO was strongly en- 
hanced (Zn:ZnO = 0.34). When the pressure 
was increased to more-extreme conditions at 
500 mbar and 230°C, the spectra became 
noisier, owing to increased gas-phase elec- 
tron scattering (Fig. 1C), indicating that in 
pure CO metallic Zn was present almost ex- 
clusively, and in CO, only ZnO was observed. 
This observation directly indicated that CO 
promoted a more-reduced state enriched in 
metallic sites, whereas CO, drove the surface 
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Fig. 3. Spin-orbit splitting in native polycrystalline ZnO, and brass sample and temperature- 
dependent behavior of Zn on active Zn/ZnO/Cu(211). (A) Comparison of Zn 3d spectra measured in 
the hard x-ray photoelectron spectroscopy chamber at beamline P22, using a incidence angle of 5° to 
provide bulk-sensitive conditions. The spectra were recorded in vacuum conditions, with a photon energy 
of 4600 eV and at room temperature. Depending on the orbital overlap of neighboring Zn atoms, the 
3d5/2-3d3/2 spin-orbit splitting becomes apparent. (B) Temperature-dependent investigation of 
Zn/Zn0/Cu(211) with ~35% surface Zn under a grazing incidence angle of 0.6° and a stoichiometric gas 
ratio of H2:CO = 2:1 at 180 mbar using the POLARIS instrument. Spectra accumulation took place in a 
consecutive manner from low to high temperature. Peak deconvolution and color coding are as in Fig. 2. The 


photon energy in this experiment was 4750 eV. 


toward the fully oxidized state of Zn. We did 
not observe any evidence for the oxidation of 
Cu in either of these measurements (26). 
The relative amount of Zn in at least two 
different redox states changes continuously 
in gas mixtures ranging from pure CO + Hy 
mixture to pure CO, + H, mixture at 180°C 
and 280 mbar (Fig. 2). To distinguish the sur- 
face effects from bulk effects, we conducted 
separate measurements at two different inci- 
dence angles. At a grazing incidence angle of 
0.3°, the effective probing depth was ~14 A 
(26), which corresponded to between seven 
and eight layers, in accordance with the defi- 
nition of interlayer distance from Gajdo$ et al. 
(32). For 0.9° the probing depth was much 
greater (~53 A) and corresponded to ~30 Cu 
layers. The response in peak intensity for the 
various gas mixtures (Fig. 2, A and B) re- 
sembles the situation discussed in connection 
with Fig. 1B: The peak structure under CO-rich 
conditions is dominated by the metallic Zn 
component, whereas under CO,-rich condi- 
tions the ZnO becomes dominant—but in all 
cases, we find a mixed state between metallic 
Zn and bulk-like ZnO,.. Because higher pressure 
induced more electron scattering, the spectra 
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had a lower signal-to-noise level, the spin-orbit 
split peaks of the Zn 3d core level became less 
obvious, and the intensity of the fitted light 
blue Zn-(5+) component became uncertain. 
The situation is distinctly different at a grazing 
incidence angle of 0.9° (Fig. 2B). The change 
in envelope peak structure was barely visible 
as the gas composition changed, and the rel- 
ative signal from metallic Zn was weaker. 
Because we observed a higher metallic Zn 
signal in comparison to ZnO, at more grazing 
incidence, we concluded that the reduction 
of ZnO to metallic Zn occurred in close prox- 
imity to the surface or directly at the surface, 
whereas the main fraction of ZnO, should 
represent larger assemblies containing sub- 
stantial bulk ZnO contributions. The Zn-ZnO,, 
reduction and oxidation were reproducibly 
independent of the direction upon switch- 
ing between CO- and CO.-rich conditions 
(fig. S5) (26). 


Distinguishing Zn-Zn and Cu-Zn 
alloy interactions 
We used the valence character of the Zn 3d 


electronic state to address the nature of Zn, 
distinguishing ZnO,, metallic Zn islands on the 


surface, or a surface Cu-Zn alloy. Because the 
bandwidth of Zn 3d is determined by the over- 
lapping atomic wave functions of neighboring 
atoms, the 3d bandwidth became larger with 
increased interaction between neighboring Zn 
atoms. By contrast, if the Zn atoms alloyed 
into Cu, with d states closer to the Fermi level, 
the Zn 3d would become more atomic in na- 
ture. If the 3d bandwidth was larger than the 
3d5/2-3d3/2 spin-orbit splitting, only one broad 
3d peak would be seen, whereas if the width 
was smaller than the splitting, two 3d com- 
ponents would be seen (33). The Zn 3d spec- 
tra of native polycrystalline Zn and a Zn37Cug3 
brass sample measured at an incidence angle 
of 5° (Fig. 3A) showed ZnO and intermediate 
ZnO, redox states on top of the Zn bulk metal 
sample, but the steeper angle allowed probing 
of the underlying metallic Zn at 9.76 eV. For 
the native polycrystalline Zn in its metallic 
state, we indeed saw only a broad Zn 3d metal 
component resembling the aforementioned 
large-bandwidth case, with a broad 3d peak 
width. However, in the brass sample, two spin- 
orbit components centered at 9.95 and 9.56 eV 
were resolved, demonstrating that the alloying 
with Cu could lower the 3d bandwidth of Zn. 
These results provided a spectral fingerprint 
to distinguish ZnO,, Zn interacting with Zn, 
and Zn interacting with Cu in the form of 
an alloy. 

The Zn 3d spectra in Fig. 1B showed a spin- 
orbit split metallic feature that was enhanced 
under CO-rich conditions, which was indica- 
tive of a decrease in the Zn-Zn interaction. We 
interpreted the lower Zn-Zn interaction as 
alloying with Cu, similar to the brass sample. 
However, we could not rule out some Zn-Zn 
interaction, although the extent of coordina- 
tion was small relative to the Zn-Cu interac- 
tion. This alloy formation was further promoted 
when the temperature was raised from 45° to 
140°C (Fig. 3B). With increasing temperature, 
we noticed a strong change in the signal in- 
tensity related to the restructuring of the sur- 
face. The ZnO, which was initially on top of the 
Cu surface, broke up and transformed to Zn, 
which further alloyed into the Cu and increased 
the amount of surface-alloyed Zn from 7.8% 
at 45°C to 9.5% at 140°C. As the total amount 
of Zn with respect to Cu atoms decreased with 
increasing temperature, it appeared that some 
Zn was lost into the gas phase because of the 
high vapor pressure of Zn metal. 

By contrast, Zn atoms in the alloy were 
thermally more stable. Preferentially, the 
alloying process would start at undercoordi- 
nated Cu sites such as step edges (4). Metallic 
Zn exhibits enhanced wetting on Cu that creates 
an even distribution of Zn atoms on the sur- 
face to maximize Zn-Zn distance. By contrast, 
ZnO tends to wet less and to accumulate into 
ZnO clusters or nanoparticles (34). For COg 
reduction on Cu(111), Kattel et al., Fujitani et al., 
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Fig. 4. Reaction intermediates probed in the C 1s region. (A) Surface- 
sensitive experiments at 180°C, ~230 mbar, and grazing incidence of 0.3°, with 
a varying gas mixture of H2:(CO + COz) = 2.6:1. The spectra are characterized 
by two pronounced peaks in the region from 291 to 295 eV, corresponding to CO 
and COz2 gas phase signals, and an otherwise featureless area between 278 


and 291 eV. (B) X-ray photoelectron spectra at ~180 


and Nakamura et al. showed that there is an 
optimum reactivity at a Zn coverage of ~20% 
of monolayer and that the chemistry can be 
different above or below this value (6, 30, 35). 
Because the reaction plotted in Fig. 3B was 
conducted at Zn coverage above the optimum 
level, some Zn may not have formed surface 
alloys and was readily oxidized by water vapor. 
However, on a stepped Cu(211) surface with 
more active step sites (4), the optimum re- 
activity most likely occurred at a higher Zn 
coverage. 


Stable reaction intermediates 


We next consider the reaction mechanism 
and the identification of stable intermediates. 
Under steady-state conditions, it would be 
possible to detect only those long-lived inter- 
mediates that can give rise to a detectable 
population. Density functional theory predicts 
deep minima in the free-energy surface, with 
formation of formate and methoxy in the 
case of CO, hydrogenation and formation of 
only methoxy in the case of CO hydrogenation 
(4, 6, 14). We verified that CO, reduction pro- 
ceeds through both formate and methoxy in- 
termediates, whereas CO reduction proceeded 
predominantly through methoxy. Because the 
O 1s region of the intermediates exhibited 
overlapping ZnO and ZnOH peaks, we relied 
on the C Is spectral region for identification, 
but the corresponding O Is spectra are also 
shown for completeness (fig. $14) (26). Many 
different carbon-containing molecular species 
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potentially populate the surface, and their bind- 
ing energies depend on whether the coordina- 
tion is with pure Cu sites, surface-alloyed 
Cu-Zn sites, pristine Zn sites, ZnO, sites, or 
mixed Cu-ZnO, sites. However, we note that a 
given binding energy position in the spectra is 
consistent with the proposed intermediates. 

The C Is spectra at 180°C and 230 mbar of 
H, with CO, COs, or mixtures of both reactants 
at a 0.3° incidence angle (Fig. 4A) showed 
strong peaks at ~293.2 and ~291.6 eV from 
gas-phase CO, and CO, respectively. The ad- 
sorbate region between 283 and 290 eV 
showed no peaks, meaning that the surface 
coverage of any carbon-containing species 
was very low, consistent with a high turnover 
rate and a lack of long-lived intermediates. At 
lower temperatures (<140°C), the turnover 
rate decreased and intermediates became visi- 
ble. For the reaction of CO, with Ho, adsor- 
bates accumulated on the surface (Fig. 4, B 
and C). The coverage increased with decreas- 
ing temperature, and two broad spectral struc- 
tures were observed at ~290 and ~285 eV. 
These adsorbate peaks could be consistently 
assigned to formate and methoxy species (26). 
We related the C Is formate species to some 
of the intensity of the Zn-(6+) peak at 10.3 eV 
in Figs. 1 and 2. 

For CO hydrogenation, we saw a similar 
trend (Fig. 4D), with a peak at ~285.2 eV that 
increased with decreasing temperature. Such 
reactivity is consistent with methoxy as the 


predominant intermediate (26). There is not 
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a grazing incidence angle of 0.6° (€) Close-up view of the area surrounded by the 
dashed rectangle in (B), showing the presence of HCOO and OCH3 reaction 
intermediates. (D) Spectra collected under temperature reduction in a mixture 
of H2:CO = 2:1 and a pressure above ~470 mbar. For (A) and (D), data were 
collected with ~15% surface Zn; for (B) and (D), data were collected with ~35% 


a straightforward interpretation for the peaks 
in the carbon region, but given that multiple 
species can coexist at various sites, we can 
rule out graphitic carbon as an intermediate, 
as it gives rise to a much narrower peak at a 
lower binding energy of 285.4 eV (36). We 
stress that the interpretation of formate and 
methoxy on ZnO and CuZn from CO, and 
methoxy on CuZn from CO is basically con- 
sistent with the proposed mechanisms of 
methanol synthesis (4, 6, 14) and has been 
observed in low-pressure or vacuum experi- 
ments (7, 24, 30, 37-40). 


Inferred surface-alloyed CuZn active sites for 
COz reduction 


A schematic representation of the “working” 
model catalyst is illustrated in Fig. 5. In situ 
XPS at pressures of =>180 mbar provided in- 
sight into the dynamic changes of the surface- 
near redox chemistry during reaction conditions. 
By focusing on the Zn 3d level, we could dis- 
entangle the effects of gas-phase composition 
and temperature on the surface-alloyed Zn, 
(partially) oxidized states of Zn, and the stab- 
ility of the system Zn/ZnO/Cu(211). This com- 
plexity explained the divergent descriptions of 
the system that arose from the use of different 
reaction mixtures (2, 47) and the relative lack 
of in situ studies. Using different incidence 
angles, we conclude that, in the near-surface 
region, Zn can convert to a surface alloyed 
state, whereas ZnO remains within the bulk in 
the form of clusters or nanoparticles on the 
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Fig. 5. Schematic illustration of the reaction mechanism. (A to C) Behavior of the Zn/ZnO/Cu(211) surface as dependent on reaction mixture and conditions, 
which range from CO-rich, reducing conditions in (A) to CO2-rich, more-oxidizing conditions in (C). These illustrations show how temperature and gas mixture critically 


affect the ZnO = Zn equilibrium. 


surface. Spectroscopically, we have demon- 
strated that Zn alloyed into the surface of Cu(211) 
to form a structure in which the Zn-Zn inter- 
action is minimized. This observation is en- 
tirely consistent with the work of Behrens e¢ al. 
(4), which suggests that Zn alloying into the 
Cu steps is energetically favorable. 

With increasing temperature under reac- 
tion conditions, the surface gradually depleted 
formate and methoxy species, which is ex- 
pected for a transient population of reaction 
intermediates. We inferred that the catalyst 
was very active in this state and that the ob- 
served low coverages were consistent with the 
findings of Kuld e¢ al. (3). We conclude that 
the oxidation state of Zn was dictated by the 
redox chemical potential of the gas phase, 
rationalizing the autocatalytic behavior ob- 
served by Thrane et al. (42). Surface-alloyed 
Zn and ZnO, acted as a dynamically revers- 
ible acceptor and donor, respectively, of O for 
the O atoms produced by the reductive activ- 
ation of CO,. 

In a similar manner, Zn appeared to inhibit 
Cu oxidation, an effect related to the higher 
oxophilicity of Zn relative to Cu. Under CO- 
rich conditions (Fig. 5A), ZnO transformed 
into Zn at temperatures as low as 60°C by 
the formation of CO, and H.O. If, alterna- 
tively, CO. is increasingly admixed to the re- 
action together with CO (Fig. 5B), it can access 
the active interfacial and/or metallic Zn sites 
and contribute to their oxidative depletion. 
The admixture of CO, to the reaction affected 
the local ZnO2Zn redox equilibrium by push- 
ing it toward ZnO with increasing admixture 
of CO,. In the absence of CO (Fig. 5C), mostly 
ZnO was stabilized and even enriched at 180°C. 
Formation of ZnO occurred at the expense of 
an active alloyed surface, which was effectively 
needed for both product-forming reactions— 
CO, reduction and direct CO hydrogenation— 
to proceed. 

We can conclude that the most-active state 
is stabilized in the simultaneous presence of 
balanced amounts of CO, COs, and Hy. An 
enhanced CO:CO, ratio kept the surface more 
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metallic, and allowed methanol formation 
through CO, to proceed more efficiently, as 
seen from isotope labeling experiments (/6). 
The results thereby indicate that the most- 
active state involved an optimized surface- 
near abundance of redox-active surface Zn-Cu 
alloy sites for the reduction of COs, fully con- 
sistent with the proposal from Behrens e¢ ai. 
(4) and other studies (3, 17, 43), whereas com- 
putation studies indicate that Zn poisons CO 
hydrogenation (15). 
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Z-DNA binding protein 1 promotes 
heatstroke-induced cell death 


Fangfang Yuan’, Jizhen Cai‘, Jianfeng Wu*", Yiting Tang®, Kai Zhao™’, Fang Liang’, 
Fanglin Li+?, Xinyu Yang®, Zhihui He*, Timothy R. Billiar’, Haichao Wang’, Lei Su®, Ben Lu?2* 


Heatstroke is a heat stress-induced, life-threatening condition associated with circulatory failure and 
multiple organ dysfunctions. If global warming continues, heatstroke might become a more prominent 
cause of mortality worldwide, but its pathogenic mechanism is not well understood. We found that 
Z-DNA binding protein 1 (ZBP1), a Z-nucleic acid receptor, mediated heatstroke by triggering receptor- 
interacting protein kinase 3 (RIPK3)—dependent cell death. Heat stress increased the expression of 
ZBP1 through heat shock transcription factor 1 (HSF1) and activated ZBP1 through a mechanism 
independent of the nucleic acid sensing action. Deletion of ZBP1, RIPK3, or both mixed lineage 

kinase domain-like (MLKL) and caspase-8 decreased heat stress-induced circulatory failure, organ 
injury, and lethality. Thus, ZBP1 appears to have a second function that orchestrates host responses 


to heat stress. 


eatstroke is estimated to soon become a 

prominent cause of mortality worldwide 

C, 2). Clinically, heatstroke is character- 

ized by extreme hyperthermia, systemic 

inflammatory responses, circulatory fail- 
ure, bleeding and blood clotting disorder, and 
multiple organ dysfunctions (/-3) that result 
from a complex interplay between heat-related 
cytotoxicity, inflammation, and disseminated 
intravascular coagulation (DIC) (/, 3). The mo- 
lecular mechanisms that underlie the patho- 
genesis of this acute critical illness still remain 
largely unknown (J). 

In Caenorhabditis elegans, heat stress causes 
pervasive necrotic cell death through calreti- 
culin and the protease calpain—the depletion 
of these proteins limits heat stress-induced 
lethality of these nematode worms (4). In ver- 
tebrates, programmed necrosis is mediated by 
mixed lineage kinase domain-like (MLKL) or 
gasdermin family proteins (e.g., gasdermin D) 
that form pores on cytoplasmic or intracellular 
membranes upon activation (5-9). MLKL is ac- 
tivated by receptor-interacting protein kinase 3 
(RIPK3)-dependent phosphorylation and exe- 
cutes a type of programmed necrosis, termed 
necroptosis (6, 7). Activation of gasdermin D 
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(GSDMD) triggers another type of program- 
med necrosis, termed pyroptosis (8, 9). Exces- 
sive activation of GSDMD causes DIC and 
multiple organ dysfunctions in sepsis (0, 11), 
an infection-induced critical illness that cli- 
nically resembles heatstroke (J, 10, 11). We in- 
vestigated the possible role of programmed 
cell death in the pathogenesis of heatstroke 
and found that Z-DNA binding protein 1 (ZBP1), 
a Z-nucleic acid sensor (12-14), mediates the 
pathologic features of heatstroke by triggering 
RIPK3-induced activation of MLKL-dependent 
necroptosis and, to a lesser extent, caspase-8 
(casp8)-dependent cell death. 


RIPK3 mediates heat stress-induced cell 
death and features of heatstroke 


To investigate the roles of programmed cell 
death in the pathogenesis of heatstroke, we 
placed Ripk3”, MIkl7/~, and MIkI’-Casps’- 
mice or corresponding wild-type (WT) con- 
trol mice in a temperature-controlled environ- 
mental chamber conditioned at 39°C with a 
relative humidity of 60 + 5% to induce heat- 
stroke. Markers of programmed cell death 
were measured over time in various tissues. 
The heat stress increased animals’ core tem- 
perature to 43°C; induced phosphorylation 
of RIPK3 and MLKL in the liver, lung, and 
intestine within 2 hours; and increased serum 
concentrations of RIPK3 (Fig. 1, A and B, and 
fig. SLA). Heat stress also induced the cleavage 
of pro-casp8, pro-casp3, GSDME, and GSDMD 
(Fig. 1A and fig. SIA). In Ripk3/ ~ mice, heat 
stress-induced activation of programmed cell 
death pathways was diminished (Fig. 1A and 
fig. SIA). Heat stress increased serum concen- 
trations of lactate and proinflammatory cyto- 
kines, including interleukin-1 (IL-1), IL-6, and 
tumor necrosis factor (TNF), and caused sev- 
ere electrolyte disturbances, all of which were 
prevented by genetic deletion of RIPK3 (Fig. 
1C and fig. S1, B and C). Heat stress also in- 


duced intravascular thrombin generation, 
platelet aggregation, fibrin deposition, occlu- 
sion of the microcirculation, and increase in 
circulating DIC markers, which were all at- 
tenuated by Ripk3 deficiency (Fig. 1, D and 
E, and fig. S1, D and E). DIC promotes multiple 
organ injury and lethality in critical illness (3). 
In line with such clinical observations, deletion 
of RIPK3 attenuated heat stress-induced dam- 
age in the liver, lung, and intestine; prevented 
renal and pulmonary dysfunction; and pre- 
vented lethality (Fig. 1, F and G, and fig. S1, F to 
J). These findings indicated that RIPK3 me- 
diates the pathologic features of heatstroke. 

RIPK3 mediates necroptosis through MLKL 
in a kinase-dependent manner and induces 
apoptosis and pyroptosis through casp8 in a 
kinase-independent manner (15). To study 
the scaffolding function of RIPK3 in heat 
stress, we used Ripk3/* mice that express a 
catalytically inactive RIPK3 resulting from the 
deletion of four amino acids (QWDF) in the 
RIPK3 kinase domain (16). Loss of the kinase 
activity of RIPK3 abrogated heat stress-induced 
phosphorylation of MLKL but did not affect 
the cleavage of pro-casp8, pro-casp3, or GSDME 
(Fig. 1H and fig. S2A). Inactivation of the kinase 
domain of RIPK1 (77) did not affect levels of 
death markers after heat stress (Fig. 1H and 
fig. S2A). Furthermore, deletion of both casp8 
and MLKL blocked the cleavage of pro-casp3 
and GSMDE and decreased the cleavage of 
GSDMD (Fig. 1A). 

Next, we determined the kinase-dependent 
and kinase-independent roles of RIPK3 in heat 
stress-associated lethality. Deletion of RIPK3 
achieved almost full protection, whereas loss 
of the kinase activity of RIPK3 rescued 70% of 
mice after lethal heat stress (Fig. 11). In line 
with these observations, deletion of MLKL at- 
tenuated organ injury and rescued 75% of mice, 
whereas deletion of both MLKL and casp8 al- 
lowed all mice to survive heat stress (Fig. 11). 
Deficiency of GSDMD conferred relatively minor 
protection (fig. S2B). Heat stress increased the 
core temperature of Ripk3’ ~ and MIKI’ ~Casp8”— 
mice to 43°C as it did in WT mice (fig. S20), 
excluding the possibility that the increased 
survival might be the result of lower body tem- 
perature. Thus, these findings support a role for 
RIPK3-dependent cell death in heat stress. 


Heat stress triggers cell death through 
activating RIPK3 in vitro 


We examined whether heat stress alone could 
activate RIPK3-dependent cell death. Exposure 
of cultured L929 mouse fibroblasts to 43°C 
for 2 hours or 42°C for 6 hours induced the 
phosphorylation of RIPK3 and MLKL within 
2 hours and the cleavage of pro-casp8, pro- 
casp3, and GSDME by 6 hours after heat stress 
exposure (Fig. 2A). Deletion of RIPK3 using 
CRISPR-CAS9 blocked heat stress-induced 
phosphorylation of RIPK3 and MLKL and the 
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Fig. 1. RIPK3 mediates heat stress-induced cell death and features of 
heatstroke. (A) Western-blot analysis of the quantity of phosphorylated (p) RIPK3 
and MLKL, total RIPK3 (tRIPK3), total MLKL (tMLKL), pro- (P55) and cleaved (P18) 
CASP8, pro- (P35) and cleaved (P19 and P17) CASP3, pro- (P53) and activated 
(P30) GSDMD, and pro- (P53) and activated (P34) GSDME in the livers of mice of 
indicated genotypes at the indicated time points after heat stress (HS). n = 3 
independent biological repeats. h., hours. (B and ©) Plasma concentrations of RIPK3 
(B) and lactate (Lac) (C) in mice 16 hours after heat stress. (D) Representative 
images were acquired in the liver microvasculature of mice by spinning disk confocal 
intravital microscopy (SD-IVM) 12 hours after heat stress. Thrombin activation (green), 
platelet adhesion (blue), fibrin deposition (dark red), and circulating albumin (red) 


intensity was quantified by ImageJ software. (F) Representative images of hematoxylin 


and eosin (H&E) staining of different organs from 


WT or Ripk3“~ mice 16 hours 


after heat stress. Original magnification: H&E 400X. n = 4 repeats per genotype. 


(G) Serum alanine aminotransferase (ALT) activit 


measured in WT or Ripk3~ mice 16 hours after h 


y and respiratory resistance were 
eat stress. (H) Quantity of indicated 


are shown. n = 6 repeats per genotype. Scale bar, 50 um 


cleavage of pro-casp8, pro-casp3, and GSDME 
(Fig. 2A). These events were associated with 
a reduction of cell death as judged by lactate 
dehydrogenase (LDH) release, loss of cell mem- 
brane integrity, and increased cell membrane 
permeability (Fig. 2, B and C, and fig. S3, A to 
C). Heat stress promoted the interaction be- 
tween RIPK3 and MLKL in WT but not Ripk3- 
deficient L929 cells (fig. S3, D and E). Depletion 


. (E) The fluorescence 


proteins in the livers of mice of indicated genotypes at 12 or 24 hours after heat 
stress. n = 3 independent biological repeats. (I) Survival analysis of genetic 
background-, age-, and sex-matched mice of indicated genotypes subjected to heat 
stress. Data were pooled from at least two independent experiments. Circles represent 
individual mice. Error bars indicate +SEMs. ***P < 0.001. Statistics are by one-way 
analysis of variance (ANOVA) (B), two-way ANOVA test [(C), (E), and (G)], or survival 
curve comparison [log-rank (Mantel-Cox) test] (I). 


of RIPK3 with short hairpin RNA (shRNA) in- 
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hibited heat stress-induced cell death (fig. S3F), 
whereas reconstitution of the expression of 
RIPK3 restored the capacity of Ripk3-deficient 
L929 cells to undergo cell death in response 
to heat stress (Fig. 2D). Similar observations 
were made using bone marrow-derived mac- 
rophages (BMDMs) and peritoneal macrophages 
(PMs) from WT or Ripk3/ ~ mice (Fig. 2, Eand 
F, and fig. S4, A to E). Although MLKL defi- 
ciency protected cells from heat stress-induced 


necroptosis within 12 hours, delayed cell death 
occurred 24 hours after heat stress exposure in 
MIki’~ but not Ripk3’”” BMDMs (Fig. 2E). 
Because RIPK3 can mediate cell death through 
its scaffolding function and casp8 (75), we 
thought heat stress might induce RIPK3- 
dependent cell death through both MLKL 
and casp8. 

To test this, WT; Ripk3™*, MIkI-, and MIkI- 
Casps’ ~ BMDMs were exposed to heat stress. 
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bars indicate +SEMs of three independent experiments. ***P < 0.001. Statistics by two-way ANOVA test [(A), (C), and 


(D)] or two-tailed t test (F). 
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The loss of RIPK3 kinase activity prevented 
the phosphorylation of MLKL but not the cleav- 
age of casp8, casp3, and GSDME (Fig. 2F). 
Deletion of both MLKL and casp8 almost com- 


pletely blocked the cleavage of casp3 and 
GSDME (Fig. 2F). Although ablation of the 
kinase activity of RIPK3 or deletion of MLKL 
prevented LDH release and cell death at 6 hours 
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Fig. 4. ZBP1 mediates heat stress-induced cell death and features of heatstroke. (A) Western-blot analysis 
of the quantity of indicated proteins in the livers of Zbp1’”* and Zbpl” mice at the indicated time points 

after heat stress. n = 2 independent biological repeats. (B) Representative images were acquired in the liver 
microvasculature by SD-IVM 12 hours after heat stress. Scale bar, 50 um. The fluorescence intensity was 
quantified by ImageJ software. Circles represent individual mice. Fib, fibrin. (©) Plasma concentrations of PAI-1 
and TAT complex in Zbp1*”* and ZbpI~~ mice 16 hours after heat stress. (D) Representative images of H&E 
staining different organs from mice of indicated genotypes 16 hours after heat stress. n = 6 repeats per genotype. 
(E) Respiratory function in ZbpI*”* and Zbp1’”~ mice at 16 hours after heat stress. (F and G) Survival analysis 
of mice of indicated genotypes subjected to heat stress. Data were pooled from at least two independent 
experiments. Circles represent individual mice. Error bars indicate +SEMs. NS, not significant (P = 0.05); ***P < 
0.001. Statistics by one-way ANOVA (B), two-way ANOVA test [(C) and (E)], and survival curve comparison 
[log-rank (Mantel-Cox) test] [(F) and (G)]. 
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after heat stress, BMDMs from Ripk3* or 
Mlki’ mice released LDH and underwent 
cell death 24 hours after heat stress exposure 
(Fig. 2E). Delayed cell death and LDH release 
were prevented by deletion of RIPK3 or both 
MLKL and casp8 (Fig. 2E). Depletion of casp8 
with shRNA or pharmacological inhibition of 
casp8 by Z-IEDT-FMK reduced heat stress- 
induced cell death in M/ki-deficient L929 cells 
(fig. S5, A to C). Further, heat stress transiently 
(within 12 hours) increased the expression of 
cellular FLICE-like inhibitory protein (cFLIP) 
(fig. S5D), which inhibits casp8 activation and 
associated cell death (78). Thus, heat stress 
triggers cell death through RIPK3-dependent 
activation of MLKL and casp8. 


Heat stress activates RIPK3 through ZBP1 


RIPKI, Toll/interleukin-1 receptor domain- 
containing adapter-inducing interferon-B 
(TRIF), and ZBP1 are RIP homotypic interac- 
tion motif (RHIM)-containing proteins that can 
interact with and activate RIPK3 (5, 19, 20). 
We therefore investigated whether these RIPK3- 
interacting proteins are required for heat stress- 
induced cell death. Deletion of TRIF, mutation 
of the kinase domain of RIPK1 (RIPK1™*), or 
inhibition of RIPK1 by necrostain-1 did not af- 
fect heat stress-induced cell death in BMDMs 
(Fig. 3A and fig. S6, A and B). RIPK1 deficiency 
did not significantly inhibit heat stress-induced 
cell death in L929 cells (fig. S6A). By contrast, 
deletion of ZBP1 abrogated the phosphoryla- 
tion of RIPK3 and MLKL; the cleavage of 
casp8, casp3, and GSDME; and cell death after 
heat stress (Fig. 3, A and B). These findings 
were confirmed in L929 cells (fig. S6, C and D). 
Restoration of ZBP1 expression restored the 
capacity of Zbp!-deficient cells to undergo cell 
death after heat stress (Fig. 3C). Human 
HT-29, acolon cancer cell line that express 
RIPK3 and RIPK1 but not ZBP1, also failed to 
undergo heat stress-induced cell death (Fig. 
3D). Expression of exogenous human ZBP1 
rendered HT-29 cells susceptible to heat stress- 
induced cell death (Fig. 3D). Furthermore, heat 
stress induced the interaction between ZBP1 
and RIPK3 (Fig. 3, E and F). These data de- 
monstrate that heat stress activates RIPK3 
through ZBP1. 


ZBP1 mediates the pathologic features 
of heatstroke 


We determined whether ZBP1 activates RIPK3 
and mediates heatstroke after heat stress by 
exposing Zopi/ ~ mice and their WT litter- 
mates to heat stress. Deletion of ZBP1 blocked 
the heat stress-induced phosphorylation of 
RIPK3 and MLKL as well as the cleavage of 
CASP8, CASP3, GSDMD, and GSDME in the 
liver and intestine (Fig. 4A and fig. S7A). Loss 
of ZBP1 prevented heat stress-induced DIC, 
systemic inflammatory responses, circulatory 
failure, multiple organ injury, and lethality, 
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as similarly observed with RIPK3 deficiency 
(Fig. 4, B to F, and fig. S7, B to F). By contrast, 
deletion of TRIF or mutation of the RIPK1 
kinase domain failed to protect mice against 
lethal heat stress (Fig. 4G and fig. S7G). Heat 
stress increased the core temperature of Zbpr’ ~ 
mice to 43°C as it did in WT mice (fig. S7H), 
excluding the possibility that the increased 
survival of Zbpr’ ~ mice might be a result of a 
lower body temperature. These data demon- 
strate that ZBP1 mediates heat stress-induced 
RIPK3 activation and the pathologic features 
of heatstroke. 


Heat stress increases the expression of ZBP1 
through HSF1 


ZBP1 is an interferon-inducible factor (27), and 
heat stress up-regulated the expression of 
ZBP1 in L929 cells and mouse macrophages in 
a manner similar to that of type 1 interferon 
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(Fig. 5, A to D, and fig. $8, A and B). Fur- 
thermore, heat stress stimulated ZBP1 trans- 
cription in the lung, liver, kidney, and intestine 
(Fig. 5E and fig. S8C). We used the bioinfor- 
matics tool Jaspar to analyze the promoter 
region of ZBP1 and identified a predicted bind- 
ing site for heat shock transcription factor 
1 (HSF1) (Fig. 5F), which is activated by heat 
stress (22). Deletion of the putative HSF1 
binding site prevented the increase in tran- 
scriptional activation through the ZBP1 pro- 
moter after heat stress (Fig. 5F). Heat stress 
enhanced HSF! activation and occupancy at 
the HSF1 binding site in the ZBP1 promoter 
(Fig. 5G and fig. S8, D to F). Deletion of HSF1 
inhibited a heat stress-induced increase in 
ZBP1 expression and cell death (Fig. 5H, fig. 
S8G, and fig. S9A). In response to heat stress, 
HSF1 regulated the expression of heat shock 
proteins (HSPs) (fig. S9B) (22). HSP90 enhan- 
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Fig. 5. Heat stress increases the expression of ZBP1 through HSF1. (A and B) Western-blot analysis of 
the ZBP1 expression in L929 cells (A) or BMDMs (B) subjected to heat stress for the indicated time. 

n = 3 independent biological repeats. (© and D) Quantitative real-time PCR (qRT-PCR) analysis of ZBP1 
mRNA in L929 cells (C) or BMDMs (D) subjected to heat stress for the indicated time, presented relative to 
the quantity of GAPDH mRNA. (E) Western-blot analysis of ZBP1 expression in multiple organs of Zbp1*”* 
or Zbpl’’ mice at the indicated time points after heat stress. n = 3 independent biological repeats. (F) The 
transcriptional activity of WT ZBP1 promoter (ZBP1-luc) or ZBP1 promoter with a deletion of the putative 
heat shock element (HSE) site (ZBPl-luc del HSE) in 293T cells overexpressing HSF1 after heat stress 

was determined by the luciferase activity in cell lysates. (@) Chromatin immunoprecipitation (ChIP) assay 
in PMs to assess HSF1 binding at the putative HSE site in the ZBP1 promoter after heat stress. (H) qRT- 
PCR analysis of ZBP1 mRNA expression in Hsf1*”* or Hsfl”~ BMDMs at the indicated time points after 
heat stress. Error bars indicate +SEMs of three independent experiments. NS (P = 0.05); ***P < 0.001. Statistics 


by two-way ANOVA test. 
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ces TNF-induced necroptosis through the pro- 
motion of MLKL oligomerization and activation 
(23, 24). However, depletion of HSP90 did not 
affect heat stress-induced phosphorylation 
of RIPK3 or MLKL and cell death (fig. S9, C 
and D). This discrepancy might be because of 
the different stimuli used (TNF versus heat 
stress). These data establish that heat stress 
increases the expression of ZBP1 through HSF1. 


Z-nucleic acid sensing is dispensable for heat 
stress-induced ZBP1 activation 


Because expression of ZBP1 by itself is insuf- 
ficient to induce cell death (Fig. 3, C and D), we 
next investigated the mechanisms by which 
heat stress promotes ZBP1 activation. ZBP1 
is activated by virus-derived or endogenous 
Z-nucleic acids during development, viral in- 
fection, and in other diseases through its Zo 
domain (12-14, 19-21). We generated genet- 
ically modified L929 cells expressing intact 
ZBP1 or ZBP1 mutants that either lacked the 
Za, Za, or Za2 domain (AZa, AZoa1, or AZa2) 
or that contained a point mutation within the 
Za2 domain (Zoa2 mut) that prevents Z-nucleic 
acid sensing (Fig. 6A). However, heat stress 
still triggered a ZBP1-RIPK3 interaction, RIPK3 
and MLKL phosphorylation, and cell death in 
L929 cells expressing these ZBP1 mutants (Fig. 
6, B to E). ZBP1 contains a C-terminal domain 
and an RHIM domain (27). The RHIM but not 
C-terminal domain was indispensable for heat 
stress-induced ZBP1-RIPK3 interaction, RIPK3 
and MLKL phosphorylation, and cell death 
(Fig. 6, B to E). These findings indicate that 
heat stress activated ZBP1 through its RHIM 
domain independent of Z-nucleic acid sensing. 


Heat stress promotes aggregation of ZBP1 
fusion proteins 


To further study how heat stress activates 
ZBP1, we generated HEK 293T cells trans- 
fected with plasmids that express green fluo- 
rescent protein (GFP)-tagged ZBP1. Exposure 
of cells to 43°C led to ZBP1-GFP aggregation 
into puncta within the cytosol (fig. SIOA). The 
Za domain was dispensable for heat stress- 
induced ZBP1-GFP aggregation (fig. S10A). 
Lack of the Za2 domain or point mutation 
within the Zo2 domain did not affect ZBP1 
aggregation during heat stress (fig. SIOA). Im- 
munoblots under nonreducing conditions re- 
vealed that heat stress induced the aggregation 
of endogenous ZBP1 (fig. S10B). Using cells 
expressing Flag- or Myc-tagged ZBP1 or ZBP 
mutants, we confirmed that exposure of cells 
to heat stress increased the aggregation of 
ZBP1 (fig. S10, C and D). The Za, domain, the 
C-terminal domain, and the Z-nucleic acid 
sensing were dispensable for ZBP1 aggrega- 
tion and cell death (fig. S10, C to G). 

ZBP1 contains two RHIM domains, referred 
to as RHIM-A and RHIM-B (22). Point muta- 
tion within the RHIM-A domain prevented 
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Fig. 6. Z-nucleic acid sensing is dispensable for heat stress-induced ZBP1 activation. (A) Schematic 
representation of full-length ZBP1 or indicated mutants. (B to E) ZbpI”~ L929 cells were infected with lentivirus 
expressing flag-tagged ZBP1 and its truncation mutants and then were subjected to heat stress or not (ctrl) at 
36 hours after infection. n = 3 independent biological repeats. (B) The physical association between RIPK3 

and ZBP1 or ZBP1 mutants was detected by PLA. (©) Coimmunoprecipitation assay to assess the interactions 
between RIPK3 and ZBPI1 or its truncation mutants. Whole-cell extract (5% input) was examined in parallel for 
Flag-tagged ZBP1 or its mutants. (D) Western-blot analysis of the quantity of pRIPK3 and pMLKL at 6 hours 
after heat stress. (E) LDH release and cell viability at 6 hours after heat stress. Error bars indicate +SEMs of 
three independent experiments. NS (P = 0.05); ***P < 0.001. Statistics by two-way ANOVA test. 


heat stress-induced aggregation of ZBP1 fu- 
sion proteins (fig. S10, A to F). Reconstitution 
of ZbpI’’~ L929 cells with WT ZBP1 and mu- 
tant ZBP1 with RHIM-B deletion or mutation, 
but not mutant ZBP1 with RHIM-A deletion or 
mutation, induced the aggregation of ZBP1 
fusion proteins, the phosphorylation of MLKL, 
the cleavage of casp8, and cell death after heat 
stress (fig. S10, E to G). Aggregation of ZBP1 
fusion proteins occurred as early as 30 min 
after heat stress, which was followed by RIPK3 
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recruitment, phosphorylation of MLKL, and 
cleavage of casp8 (fig. SIOF). These events 
were all blocked by deletion or point mutation 
of the RHIM-A domain (fig. S1OF). Using L929 
cells expressing hormone-binding domain 
G521R mutant (HBD*) fused ZBP1 proteins, 
we observed that treatment of such cells 
with the HBD dimerizer 4-hydroxytamxifen 
(4-OHT) caused the aggregation of HBD- 
ZBP1 independent of heat stress (fig. S1IOH) 
and triggered cell death (fig. S101). Thus, heat 


stress may promote cell death through ZBP1 
aggregation. 


Discussion 


This study identifies a role of ZBP1 in pro- 
moting the pathologic features of heatstroke 
through RIPK3-dependent cell death. Heat 
stress increases the expression of ZBP1, which 
acts in a mechanism independent of Z-nucleic 
acid sensing. ZBP1 binds virus-derived or en- 
dogenous retrovirus-derived Z-nucleic acids 
during viral infection, embryonic develop- 
ment, and the pathogenesis of diseases such 
as psoriasis and inflammatory bowel disease 
(12-14, 19-21, 25). In these scenarios, the ac- 
tivation of ZBP1 requires both the Zo domain 
that binds Z-nucleic acids and the RHIM do- 
main that activates RIPK3. We found that the 
Za domain is dispensable for the ZBP1 activ- 
ation upon heat stress. RHIM-A domain- 
dependent aggregation of ZBP1 may contribute 
to heat stress-induced cell death. Endogenous 
Z-nucleic acids might enhance heat stress- 
induced ZBP1 activation because deletion or 
mutation of the Zo or Za2 domain slightly 
inhibits heat stress-induced cell death. Be- 
cause ZBP1 expression by itself is insufficient 
to cause cell death, it is likely that other factors 
may induce ZBP1 aggregation and activation 
in response to heat stress. 

The finding that ZBP1 promotes cell death 
in response to both Z-nucleic acids and heat 
stress could provide insight into how the host 
combats invading pathogens. Programmed cell 
death is an important strategy for the host 
to eliminate intracellular pathogens, such as 
viruses (13, 21, 26). By passively releasing pro- 
inflammatory damage-associated molecular 
patterns, dead cells can alert the immune 
system to augment inflammatory responses 
(5, 27-29). Considering that infections can 
cause high fever, it is conceivable that hyper- 
thermia might promote pathogen clearance 
and inflammation by activating ZBP1. How- 
ever, extreme hyperthermia resulting from 
persistent environmental heat exposure could 
cause excessive activation of ZBP1-dependent 
cell death, leading to circulatory failure, DIC, 
multiple organ dysfunction, and even death. 
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CATALYSIS 


Highly efficient catalytic production of oximes from 
ketones using in situ-generated H,0. 


Richard J. Lewis'*, Kenji Ueura“, Xi Liu***, Yukimasa Fukuta, Thomas E. Davies’, David J. Morgan*®, 
Liwei Chen**, Jizhen Qi’, James Singleton’, Jennifer. K. Edwards!, Simon J. Freakley®, 
Christopher J. Kiely®, Yasushi Yamamoto“, Graham J. Hutchings'* 


The ammoximation of cyclohexanone using preformed hydrogen peroxide (H20z) is currently applied 
commercially to produce cyclohexanone oxime, an important feedstock in nylon-6 production. We 
demonstrate that by using supported gold-palladium (AuPd) alloyed nanoparticles in conjunction 

with a titanium silicate-1 (TS-1) catalyst, H202 can be generated in situ as needed, producing 
cyclohexanone oxime with >95% selectivity, comparable to the current industrial route. The 
ammoximation of several additional simple ketones is also demonstrated. Our approach eliminates 

the need to transport and store highly concentrated, stabilized H202, potentially achieving substantial 
environmental and economic savings. This approach could form the basis of an alternative route to 
numerous chemical transformations that are currently dependent on a combination of preformed H20. and 
TS-1, while allowing for considerable process intensification. 


yclohexanone oxime is a key precursor 
in the production of caprolactam, a com- 
modity chemical used in the synthesis of 
the polyamide nylon-6. With global pro- 
duction of nylon-6 predicted to reach 
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8.9 million metric tons per annum by 2024 
(1), a concurrent increase in demand for cy- 
clohexanone oxime is expected. The traditional 
route to cyclohexanone oxime production in- 
volves the reaction of cyclohexanone with hy- 
droxylamine sulfate, producing ammonium 
sulfate—a low-value fertilizer with limited 
applications—as a major by-product (2). Alter- 
native routes (fig. S1 and accompanying text) 
are hampered by the need to continually main- 
tain a low reaction pH (by complex and energy- 
intensive extraction steps) or by low selectivity 
toward the desired product. A single-step am- 
moximation process that overcomes these 
challenges has been developed with titanium 
silicate-1 (TS-1) as the catalyst and cyclohex- 
anone, ammonia, and preformed HO, as re- 
actants (3). In this process, hydroxylamine 
is formed catalytically in situ by TS-1 (4), with 
this intermediate species subsequently react- 
ing noncatalytically with cyclohexanone to 
produce the oxime (fig. Sl and accompanying 


text) (5). The catalytic activity of TS-1 with 
H,02, which has been crucial in the develop- 
ment of numerous selective oxidation processes 
(fig. $2), is often attributed to the ability of Ti” 
sites to readily coordinate multiple species 
which, in the case of cyclohexanone ammox- 
imation, are crucial in the formation of hy- 
droxylamine (6). Despite extensive advances 
in catalyst design leading to the development 
of a range of titanosilicates that are highly 
selective toward cyclohexanone ammoxima- 
tion and that offer greater catalytic stability 
[including Ti-MOR (7), Ti-Beta (8), TS-2 (9), 
and Ti-MWW (J0)], TS-1 is still widely con- 
sidered the industrial standard for reactions 
involving HO, (/2). 

Although the industrial ammoximation pro- 
cess based on H,O,/TS-1—which accounts for 
~6 million metric tons per annum of global 
oxime production (72)—offers excellent cata- 
lytic selectivity, an excess of H2O, is typically 
required as a result of the low stability of the 
oxidant under the associated reaction condi- 
tions (elevated temperatures and high pH), 
leading to elevated process costs (13). In ad- 
dition, the preformed HO, requires transpor- 
tation from a centralized point of production, 
where it is manufactured at concentrations 
greatly exceeding those needed in the am- 
moximation process; the requisite dilution 
effectively wastes the energy previously used 
in distillation and concentration steps. Fur- 
thermore, the instability of H.O2 necessitates 
the addition of acid and halide stabilizing 
agents to prevent its degradation during trans- 
port and storage, which in turn can limit cat- 
alyst stability, decrease reactor lifetime through 
corrosion, and generate substantial costs as- 
sociated with their removal from product 
streams (14). Likewise, all chemical transform- 
ations that use preformed H,O, suffer from 
these drawbacks to a certain degree. 

We have previously developed catalysts for 
the direct synthesis of HO, from the elements 
that offer high synthesis rates and >99% Hy 
utilization (15, 16). However, to date, the direct 
method has been unable to rival the current 
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Fig. 1. Proposed key reaction pathways in the ammoximation of cyclohexanone-to-cyclohexanone oxime through in situ H202 synthesis. 


industrial route to H,O, production, primarily 
because the dilute Hy and O, streams neces- 
sary to avoid potential risks of explosion limit 
the attainable product concentrations of H,O05. 
This disadvantage no longer applies if the 
H,0, is produced and then rapidly consumed 
in situ. Indeed, the application of in situ gen- 
erated H,O, has been a long-standing goal in 
the valorization of many chemical feedstocks, 
with investigations into a range of selective 
oxidation reactions reported, including pro- 
pene epoxidation (17), alcohol oxidation (78), 
and the partial oxidation of methane (/9). 
However, earlier works have not demonstrated 
a viable alternative to the current respective 
industrial processes and are typically hindered 
by low rates of conversion or poor selectivity 
toward desired products. Indeed, in many 
cases the in situ approach has frequently led 
to unforeseen complications such as the gen- 
eration of potentially hazardous by-products, 
often largely driven by competing hydrogen- 
ation reactions (20). Additionally, issues as- 
sociated with catalyst deactivation and the 
requirement for unfavorable solvent systems 
or costly additives has hampered the adoption 
of an in situ-generated HO, route to selective 
oxidation (17). 

At first sight, the application of such an in 
situ approach to cyclohexanone ammoxima- 
tion is not only hampered by the potential 
drawbacks outlined in earlier studies but 
also by the substantial gap in conditions be- 
tween the two key processes of the reaction 
sequence. Direct H,O, formation is favored 
at low pH and subambient temperatures, 
whereas both the high reaction temperature 
and basic conditions associated with the am- 
moximation process are detrimental to H2O, 
stability. We report that it is possible to bridge 
this gap in conditions and pair the direct 
synthesis of H,O, with cyclohexanone am- 
moximation to produce the oxime in yields 
comparable to those observed in the current 
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commercial process that uses preformed HO. 
(Fig. 1 and accompanying text within the sup- 
plementary materials). This is achieved through 
the in situ generation of H,O, over AuPd nano- 
particles in conjunction with a commercial 
TS-1 catalyst. 

The immobilization of chloride-based Au 
and Pd salts onto a range of support materials 
through a wet coimpregnation procedure and 
subsequent calcination has been extensively 
reported to produce alloyed nanoparticle cat- 
alysts that are highly active toward the direct 
synthesis of H,O, (27). Through this industri- 
ally viable route to catalyst preparation, we ini- 
tially prepared a series of AuPd catalysts, with 
a range of total metal loading and supported 
on TiOs, which we exposed to an oxidative heat 
treatment [denoted AuPd/TiO,(Chloride-O)]. 
We observed a correlation between total metal 
loading and catalytic performance toward the 
direct synthesis of H,O, under reaction con- 
ditions optimal for H,O, production (i.e., low 
pH and subambient temperatures; fig. S3). 

We subsequently established the high effi- 
cacy of the in situ approach to cyclohexanone 
ammoximation using a physical mixture of the 
AuPd/TiO,(Chloride-O) catalysts of varied total 
metal loading in conjunction with commercial 
TS-1 (fig. S4 and table S1). With an optimal 
catalyst formulation of 0.33%Au-0.33%Pd/ 
TiO.(Chloride-O) (metal loading reported as 
weight percent), we observed an oxime yield 
and selectivity based on Hg (i.e., mols of Hy 
consumed that lead to the formation of the 
oxime through H,O.) of 77 and 71%, respec- 
tively. We did not observe the formation of 
unwanted organic by-products, such as nitro- 
cyclohexane or cyclohexenylcyclohexanone 
(analysis detection threshold for by-products 
equivalent to ~0.005 M). Detailed character- 
ization of the TS-1 material is presented in fig. 
S5, with further characterization through scan- 
ning transmission electron microscopy (STEM) 
presented in fig. S6, A to D. Analysis of the 


0.33%Au-0.33%Pd/TiO.(Chloride-O) catalyst 
by high-angle annular dark field scanning 
transmission electron microscopy (HAADF- 
STEM) imaging and x-ray energy dispersive 
spectroscopy (XEDS) mapping (fig. S7) revealed 
a bimodal particle size distribution and dis- 
tinctive particle size-composition relationship: 
Smaller particles (3 to 10 nm) were found to be 
Pd-rich alloys, whereas the larger particles 
(10 to 30 nm) were found to be Au-rich, often 
adopting an Au-rich core with a Pd-rich shell 
morphology. Similar observations have previ- 
ously been reported for AuPd catalysts pre- 
pared by this wet coimpregnation synthesis 
route (22). 

Substantial improvements in cyclohexanone 
oxime yield were obtained by using a gaseous 
reactant mixture consisting of Hy and O, with 
an N, diluent, in contrast to that observed 
when using either component alone (fig. S8 
and accompanying text). Indeed, the in situ 
approach also offers increased cyclohexanone 
oxime yields (77%) compared with that ob- 
served when using preformed HO, (41%), at 
concentrations of H,0. comparable to those 
that could be present if all the H, in the in situ 
reaction was converted to H2Os. The relatively 
limited activity observed when using commer- 
cial H,O, can be attributed to the complete 
addition of H,O, at the start of the reaction; 
continual incremental addition of HO, over 
the course of the reaction is well known to 
influence the catalytic performance of the 
current industrial process (fig. S8 and accom- 
panying text). Further investigation dem- 
onstrated that high catalytic performance 
(selectivity toward cyclohexanone oxime >95%) 
could be achieved regardless of the support 
(TiO, SiOx, CeOz, AlgO3, Nb2Os, or ZrO.) 
used to immobilize the AuPd nanoparticles 
(fig. S9). 

Enhanced cyclohexanone oxime produc- 
tion was observed when both Au and Pd were 
immobilized onto the same support, with 
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Fig. 2. Catalytic activity of supported 0.66%AuPd/TiO.(Chloride-O) catalysts, 
used in conjunction with TS-1, toward the ammoximation of cyclohexanone 
through the in situ production of H0>. (A) The synergistic effect of alloying Au 
and Pd. (B) Time-on-line activity of the 0.33%Au-0.33%Pd/Ti02(Chloride-O) 
catalyst. (€) Catalytic activity of the 0.33%Au-0.33%Pd/Ti02(Chloride-O) catalyst 
toward the ammoximation of a range of ketones. (D) The effect of the Au:Pd ratio 
on catalytic activity of 0.66%AuPd/TiO2(Chloride-O) toward cyclohexanone 
ammoximation. Ammoximation reaction conditions: Ketone (2 mmol), NHgHCO3 


the activity of the 0.33%Au-0.33%Pd/TiO, 
(Chloride-O) and TS-1 system (77% oxime yield) 
markedly outperforming analogs consisting 
of either monometallic catalysts or a physical 
mixture thereof (Fig. 2A and fig. S10). Indeed, 
the alloying of Au with Pd is known to be 
highly effective in both suppressing O-O bond 
dissociation (inhibiting H,O production) and 
promoting the release of H,O, from catalytic 
surfaces (23, 24). It is therefore plausible to 
consider that the role of Au is to facilitate the 
desorption of H,O. (or peroxy species) from 
the precious metal surface, enabling subse- 
quent diffusion to Ti’” sites present within 
the TS-1 framework. TS-1 in turn catalyzes the 
formation of the hydroxylamine intermediate, 
with limited ammoximation activity observed 
in the absence of either the titanosilicate or 
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AuPd-supported catalyst (<15% oxime selec- 
tivity; fig. S11). Further analyses of the 0.33% 
Au-0.33%Pd/TiO.(Chloride-O) and TS-1 dual 
catalyst system demonstrated that high H, se- 
lectivity can be achieved when the reaction is 
not limited by cyclohexanone availability, with 
an Hg selectivity of 98% observed at a reaction 
time of 1 hour and a cyclohexanone conversion 
of 30% (Fig. 2B). 

We have also extended our studies to assess 
the ammoximation of a small range of other 
ketones (cyclopentanone, cycloheptanone, 
cyclooctanone, and acetophenone), with many 
of the corresponding oximes finding appli- 
cation in the synthesis of pharmaceuticals 
(25, 26). Using the 0.33%Au-0.33%Pd/TiO»s 
(Chloride-O) and TS-1 catalysts (Fig. 2C), oxime 
selectivities >95% were observed for all sub- 
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(4 mmol), 5% H2/Np (420 psi), 25% O2/No (160 psi), 0.66%AuPd/TiO2(Chloride-O) 
catalyst (0.075 g), TS-1 (0.075 g), t-BUOH (5.9 g), H20 (7.5 g), reaction time 3 hours, 
reaction temperature 80°C, stirring speed 800 rotations per minute (rpm). Key: 

Ketone conversion (black bar), selectivity toward oxime (red bar), oxime yield (blue 
bar), selectivity based on Hs (green bar), selectivity based on NH3 (purple bar), 
carbon balance (black circles). Note for Fig. 2A: Au refers to 0.66%Au/TiO2 
(Chloride-O), Pd to 0.66%Pd/TiO2(Chloride-O), Au+Pd to a physical mixture of the 
two monometallic catalysts, and AuPd to 0.33%Au-0.33%Pd/Ti02(Chloride-O). 


strates, demonstrating the versatility of the 
in situ approach to oxime formation. The var- 
iation in the rate of ketone conversion is 
primarily related to the differing intrinsic 
reactivity of the ketones with hydroxylamine, 
in addition to the limited ability of the larger 
ketones to access the interior of the titano- 
silicate pore structure (27). 

Further optimization of the Au:Pd ratio 
revealed an optimal composition with a 
physical mixture of the 0.55%Au-0.11%Pd/ 
TiO.(Chloride-O) and TS-1 catalysts exhib- 
iting a cyclohexanone oxime yield of 96% 
and an apparent turnover frequency (TOF) 
(223 MOloxime MOlmetay hour’), far greater 
than that of the physical mixture of the 0.33% 
Au-0.33%Pd/TiO.(Chloride-O) catalyst and 
TS-1 143 MoloximeMOlmetar hour’) in a 3-hour 
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reaction (Fig. 2D, apparent TOFs shown in 
table S2). The improved catalytic performance 
may be due in part to a decrease in the num- 
ber of contiguous Pd sites, which are known 
to be highly active toward O-O bond cleav- 
age (28) and enhanced H,O, utilization. Our 
determination of H, selectivity supports this 
hypothesis, with the combination of Au-rich 
catalysts in addition to TS-1 offering enhanced 
selectivity in comparison to the corresponding 
Au-lean analogs (table S2). In a similar man- 
ner, Au-rich compositions are observed to offer 
reduced rates of HO. degradation under ideal 
direct synthesis conditions (fig. S12). 
Although high yields of cyclohexanone oxime 
can be achieved using the cocatalyst system, 
application on an industrial scale would re- 
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Fig. 3. Performance and stability of composite AuPd catalysts supported 
on TS-1 toward the ammoximation of cyclohexanone through in situ 


production of H20>. (A) Catalytic activity as a funct 


and heat treatment regime. (B) Microstructural analysis of the unused 


0.33%Au-0.33%Pd/TS-1(Acetate-O+R) sample, which 
(flowing air, 400°C, 3 hours) and then reduced (5%H 
(i) Lower and (ii) higher magnification HAADF-STEM i 


majority component. (iii) XEDS map showing Pd metal attachment only and 
absence of Au on TS-1. (iv) XEDS overlay map showing Si (yellow), Pd 
(red), and low-concentration Ti (blue). (v) HAADF-STEM image of the TiO» 


minority component showing considerable metal at 
corresponding XEDS elemental mapping [Si (yellow), 
Au (green)] showing that the larger metal particles o' 
are AuPd alloys. (vii and viii) HAADF-STEM and corre 
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quire the use of a composite catalyst that can 
both synthesize H,O, and catalyze the forma- 
tion of hydroxylamine. Hence, we investigated 
the efficacy of AuPd nanoparticles supported 
on a commercial TS-1 for the ammoximation 
of cyclohexanone, with the catalyst prepared 
by wet coimpregnation of PdCl, and HAuCl, 
onto TS-1 followed by calcination [denoted 
0.33%Au-0.33%Pd/TS-1(Chloride-O)]. The rate 
of H,O, formation by this catalyst was com- 
parable to that observed when using a range 
of oxide supports (fig. S13) [characterization 
of 0.33%Au-0.33%Pd/TS-1(Chloride-O) is pre- 
sented in fig. $14], with the bifunctional catalyst 
offering >95% selectivity toward the oxime (fig. 
$15). However, the rate of cyclohexanone con- 
version (44%) was lower than that observed 


ion of the Pd precursor 


had been calcined 
>/Ar, 400°C, 2 hours). 
mages of the titanosilicate 


achment with (vi) 
Ti (blue), Pd (red), and 
n the TiOz particles 
sponding XEDS maps of 


for the cocatalyst system, which constituted 
the 0.33%Au-0.33%Pd/TiO.(Chloride-O) cata- 
lyst in conjunction with TS-1 (80%). This dif- 
ference in catalytic performance is attributable 
to the blocking of Ti” sites, as previously ob- 
served by Hdélderich and coworkers (29), and 
to the poor mixing of the Au and Pd metallic 
components upon immobilization onto the 
titanosilicate support as evidenced by STEM- 
HAADF imaging and XEDS mapping (fig. S16). 

We subsequently demonstrated that it is 
possible to further enhance catalytic perform- 
ance through preparation of the titanosilicate- 
supported catalyst through a sequential wet 
impregnation procedure using Pd(OAc), and 
HAuCl, precursors, followed by calcination 
[denoted 0.33%Au-0.33%Pd/TS-1(Acetate-O)] 


the smaller Pd-only particles, respectively. (C) Catalytic reusability of the 0.33% 
Au-0.33%Pd/TS-1(Acetate-O+R) catalyst in a batch regime. (D) Microstructural 
analysis of the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst after three 
consecutive ammoximation reactions. Low (i) and high (ii) magnification 
HAADF-STEM images of the TiO2 minority component and STEM-XEDS elemental 
mapping of Au (green) (iii) and Pd (red) (iv), showing stability and 
of the AuPd alloy nanoparticles post reaction. Ammoximation reaction 
conditions: Cyclohexanone (2 mmol), NH4aHCO3 (4 mmol), 5%H2/ 
25%02/Nz (160 psi), catalyst (0.075 g), t-BUOH (5.9 g), H20 (7.5 g), reaction 
time 3 hours, reaction temperature 80°C, sti 
Cyclohexanone conversion (black bar), selectivity toward oxime (red bar), 
oxime yield (blue bar), carbon balance (black circles). Note for Fig. 3A: 
0.33%Au-0.33%Pd/TiO2 (Chloride-O) used in 
all other conditions as stated. 


retention 
2 (420 psi), 


ring speed 800 rpm. Key: 


conjunction with TS-1 (0.075 g), 
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and a subsequent reductive heat treatment 
(2 hours, 400°C, 5%H./Ar) [denoted 0.33% 
Au-0.33%Pd/TS-1(Acetate-O+R) (characterization 
of the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R) cat- 
alyst is reported in fig. S17)]. Catalytic perform- 
ance toward cyclohexanone ammoximation was 
found to be markedly improved compared 
with the 0.33%Au-0.33%Pd/TS-1(Chloride-O) or 
0.33%Au-0.33%Pd/TS-1(Chloride-O+R) ana- 
logs, with the yield of oxime achieved by the 
0.33%Au-0.33%Pd/TS-1(Acetate-O+R) cata- 
lyst comparable to that observed when using 
the 0.33%Au-0.33%Pd/TiO.(Chloride-O) and 
TS-1 physical mixture (Fig. 3A, with compar- 
ison of apparent TOFs shown in table S3). 
Indeed, our optimal results using in situ syn- 
thesized H,O, rival those reported in the lit- 
erature for a range of commonly used oxidants, 
including preformed H,O, (table S4), dem- 
onstrating the potential of this approach to 
supersede the current industrial route to 
cyclohexanone oxime. 

With the nature of the catalyst surface— 
particularly the oxidation state of the active 
metals crucial in obtaining high catalytic 
performance—we analyzed the titanosilicate- 
supported AuPd catalysts by x-ray photo- 
electron spectroscopy (XPS) (fig. S18). Exposure 
of the 0.33%Au-0.33%Pd/TS-1(Acetate-O) cat- 
alyst to a reductive heat treatment (2 hours, 
400°C, 5%H,/Ar) resulted in a complete shift 
in the Pd oxidation state to Pd°, coinciding with 
an observed increase in catalytic performance 
toward both H,O, synthesis (fig. $19) and 
cyclohexanone ammoximation (Fig. 3A). De- 
tailed STEM analysis of the 0.33%Au-0.33%Pd/ 
TS-1(Acetate-O+R) catalyst (Fig. 3B; additional 
analysis shown in fig. S20) identified significant 
metal decoration on both the TiO, minority 
and TS-1 majority phases. HAADF-STEM imag- 


Fig. 4. Optimization of reaction parameters for 
the 0.33%Au-0.33%Pd/TS-1(Acetate-0+R) 
catalyst in a continuous regime. Ammoximation 
reaction conditions: Cyclohexanone (20 wt %): 

NH3 (26 wt %) (1: 0.5), 3.6% H2, 6.4% O2, 90% No 
(580 psi, 20 ml min”), catalyst (0.41 g), 0.33%Au- 
0.33%Pd/TS-1(Acetate-O+R): Al2O3 (4:1) t-BuOH: 
H20 (9:1, 0.01 to 0.10 ml min”), residence time 
76 min at 0.01mI min‘ liquid flow rate, reaction 
temperature 80°C. Key: Cyclohexanone oxime yield 
(blue squares), Hz conversion (orange circles), H2 
selectivity (green triangles). Reaction conditions 
between O and 1.5 hours: as above with liquid flow 
of 0.1 ml min” (green background). Reaction 


ing and corresponding XEDS elemental map- 
ping revealed that the metal nanoparticles 
present on the minority TiO, phase consisted 
predominantly of larger (5 to 20 nm) AuPd 
alloys, in addition to some smaller (1 to 3 nm) 
Pd-only particles. Comparative analysis of the 
TS-1 majority phase shows the preferential 
immobilization of Pd, with the notable ab- 
sence of Au or AuPd alloys. 

Time-on-line studies conducted using the 
0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst 
showed that high Hy selectivity (94%) is pos- 
sible when cyclohexanone availability is not 
limited, indicating that at extended reaction 
times Hg is nonselectively consumed through 
H,O, degradation or noncatalytic pathways 
(fig. S21), whereas ammonia selectivity, re- 
gardless of reaction time, was found to be 
relatively high (~75%). 

Analysis of postreaction solutions by in- 
ductively coupled plasma mass spectrometry 
(table S5) revealed the high stability of Au over 
a standard 3-hour cyclohexanone ammoxima- 
tion reaction. However, a substantial loss of 
Pd (18.6%) was observed over this same time 
period. Further studies established the sta- 
bility of the 0.33%Au-0.33%Pd/TS-1(Acetate- 
O+R) catalyst over multiple uses and found 
that there was some minimal additional leach- 
ing of Pd upon second use (table $5). Notably, 
no metal loss was observed after the third 
use, and indeed the efficacy of the catalyst was 
retained over three consecutive ammoxima- 
tion reactions (oxime yield =80%) (Fig. 3C). 

Detailed STEM-HAADF analysis of the cat- 
alyst over three uses (Fig. 3D and figs. S22 to 
$24) identified that the observed Pd leaching 
was associated with the loss of the smaller 
nonalloyed Pd nanoparticles, which were found 
predominantly on the TS-1 majority phase in 
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conditions between 1.5 and 12.1 hours: as above with liquid flow of 0.02 ml min” (purple background). 


Reaction conditions between 12. 


and 24.4 hours: as above with liquid flow of 0.01 ml min (orange 
background). Reaction conditions between 24.4 and 34.0 hours: as above with liquid flow of 0.01 ml min” 


1 


and total pressure of 290 psi (blue background). Reaction conditions between 34.0 and 41.4 hours: as 
above with liquid flow of 0.01 ml min” and total pressure of 145 psi (yellow background). Note: Given the 
ratio of cyclohexanone: NH3 used in this study (1:0.5) it is possible to conclude that under optimal 
reaction conditions (orange background), NH3 selectivity approaches 100% (96%), given the near 50% 
(48%) oxime yield observed and the stoichiometry of the ammoximation reaction. 


SCIENCE science.org 


the as-prepared material. The composition 
and dispersion of the AuPd nanoalloys present 
on the minority TiO, component were retained 
after multiple uses. Hot filtration experiments 
in which the 0.33%Au-0.33%Pd/TS-1(Acetate- 
O+R) catalyst was replaced by bare TS-1 re- 
vealed that there was no contribution of leached 
species toward the formation of cyclohexanone 
oxime (fig. S25, A and B, and accompanying 
text). However, in the absence of the immo- 
bilized precious metals (i.e., when only bare 
TS-1 was present) some additional conversion 
of the ketone was observed (7%), which is in 
keeping with our previous observations (fig. 
S11) and can be attributed to the ability of 
TS-1 to promote the formation of unwanted 
by-products in the absence of H2O, (30). Fur- 
ther studies, using reagent concentrations 
much greater than those used during the cat- 
alytic studies and comparable to those used 
under the industrial process, revealed the 
increased stability of the 0.33%Au-0.33%Pd/ 
TS-1(Acetate-O+R) catalyst compared with a 
monometallic Pd analog, and indicated that 
a combination of NH; and H.Oz is responsible 
for promoting the dissolution of active metals 
(table S6). In keeping with our STEM-HAADF 
analysis (Fig. 3D and figs. S22 to S24), the 
alloying of Au with Pd was found to substan- 
tially inhibit metal leaching, even under harsh 
reaction conditions. These observations, when 
coupled with our earlier studies comparing 
the activity of supported AuPd catalysts with 
monometallic analogs (Fig. 2A) and the neg- 
ligible activity of homogeneous Pd species 
(fig. S25, A and B, and accompanying text), 
suggest that the AuPd alloy nanoparticles 
supported on the TiO, minority component 
of the TS-1 support are key to achieving high 
catalytic performance, whereas the unalloyed 
Pd nanoparticles are largely spectator species. 

A major challenge of the current industrial 
route to cyclohexanone oxime is associated 
with the deactivation of the TS-1 catalyst, 
through formation of TiO.-SiO, domains, in- 
duced by the presence of relatively high con- 
centrations of ammonia in reactant streams 
(31). In keeping with these observations, our 
analysis by XPS (fig. S26 and table S7) indi- 
cated a minor shift in Ti speciation over se- 
quential reuse in the ammoximation reaction, 
indicative of the formation of TiO,-like sur- 
face species, although no loss in catalyst ac- 
tivity was observed. In recent years hollow 
titanium silicates (HTS-1) have been devel- 
oped through the postsynthesis treatment of 
TS-1 (32), with these materials found to offer 
far greater stability when used in the am- 
moximation reaction than the parent material 
(33). As such, we consider that upon potential 
industrial application, any deactivation of 
the TS-1 component can be readily overcome 
through the adoption of HTS-1 or alternative 
titanosilicate support. 
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We have previously demonstrated that 
supported AuPd nanoparticles offer high 
stability toward HO. production in a flow 
regime under conditions optimized for H,0, 
selectivity (34). With these observations in 
mind and with the independence of the in situ 
route to the ammonia source established (table 
S8), we next evaluated the stability of the 
0.33%Au-0.33%Pd/TS-1(Acetate-O+R) catalyst 
toward the ammoximation of cyclohexanone 
via in situ H,O, production, through use 
of a continuous flow reactor (fig. S27) and 
concentrations of cyclohexanone and ammo- 
nia comparable to those used in the indus- 
trial ammoximation process. In this case, the 
catalyst was exposed to an oxidative heat 
treatment (16 hours, 110°C, static air) before 
reduction (2 hours, 200°C, H.) and exhibited 
comparable performance to analogous mate- 
rials exposed to higher-temperature heat treat- 
ments (Fig. 3A) under batch conditions (fig. 
$28). These continuous flow studies demon- 
strated that the high catalytic stability ob- 
served under batch conditions (Fig. 3C) can 
be readily translated to a flow system (Fig. 4) 
in which liquid [cyclohexanone and ammonia 
(NHg aq.)] and gaseous (Hy and O,) reagents 
are continuously introduced into the reactor. 
Indeed, using this continuous flow reactor, 
cyclohexanone oxime yield and H, selectivity 
were observed to be steady over several hours 
on stream at 48 and 70%, respectively, with no 
observable loss in catalytic stability detected 
over 40 hours of reaction. Moreover, given 
the limited availability of ammonia [cyclo- 
hexanone: NHs3 (aq.) 1:0.5], a near-complete 
selective utilization of this reagent was ob- 
served (96% ammonia selectivity), which would 
avoid the substantial costs associated with 
reagent separation and recycling upon any 
potential industrial application of the in situ 
process. Further investigation revealed that 
the cyclohexanone oxime yield can be increased 
considerably through reaction condition opti- 
mization (87%) (fig. S29), although in keeping 
with our earlier studies (Fig. 2B), H, selectivity 
was found to be inherently linked to cyclohex- 
anone availability. 

In an attempt to establish the industrial 
viability of the in situ route to cyclohexa- 
none ammoximation and with a focus on 
the 0.33%Au-0.33%Pd/TS-1(Acetate-O+R) 
catalyst, we conducted extended lifetime 
studies under industrially relevant reaction 
conditions and over 248 hours on stream (fig. 
S30; flow reactor schematic shown in fig. S31). 
Although analysis of the postreaction catalyst 
through x-ray diffraction did not indicate any 
substantial loss in TS-1 crystallinity (fig. $32, i 
to ii), our XPS evaluation revealed a slight shift 
in Ti speciation (fig. S32, iii to iv), possibly 
indicative of the formation of TiO. domains 
within the titanosilicate component as pre- 
viously observed during industrial application 
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(30). Our analysis by STEM revealed no sig- 
nificant agglomeration of precious metal nano- 
particles (fig. S32, v to viii) and the maintenance 
of the AuPd nanoalloys over the course of the 
reaction. This is in keeping with the high sta- 
bility of the AuPd species previously observed 
under batch conditions (figs. S22 to $24) and 
further highlights the long-term stability of the 
catalyst under prospective industrial conditions. 

Finally, we conducted a detailed technoeco- 
nomic evaluation in which we compared the 
in situ approach and the current industrial 
process, which uses preformed H,Oz, on the 
basis of previous evaluations made by Zhu e¢ al. 
(35) (fig. S33, on the basis of flow data provided 
in Fig. 4, with further detail provided in table 
S9). Assuming that the lifetime of the 0.33%Au- 
0.33%Pd/TS-1(Acetate-O+R) catalyst is compa- 
rable to that reported for TS-1 in the current 
industrial route and a comparable activity of 
the TS-1 component (i.e., 0.3 kg of TS-1 catalyzes 
1 ton cyclohexanone oxime production) (36), 
our calculations demonstrate the economic 
viability of the in situ approach, and we esti- 
mate savings of 13% based on material costs 
alone (assuming a catalyst lifetime of 2.3 years). 
Indeed, even assuming a far more limited cat- 
alyst lifetime (0.75 years) our economic eval- 
uation reveals that the material cost of the 
in situ approach is comparable to that of the 
current industrial process. This evaluation 
does not account for the substantial savings 
associated with in situ H,O, production, namely 
those associated with transport and storage of 
H,O, and increased reactor longevity, as re- 
actor corrosion is known to result from the 
presence of the stabilizing agents in preformed 
H,0, (37). Additionally, considerable environ- 
mental savings are associated with a less carbon- 
intensive manufacturing process of this key 
platform chemical. As such, the in situ route 
represents a positive step toward more sus- 
tainable selective chemical transformations 
and has the potential to supersede the current 
industrial route to cyclohexanone oxime. More 
broadly, we consider that this approach may 
find wider application in other industrial oxi- 
dation reactions that at present are dependent 
on the use of TS-1 with preformed H,Os.. 
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QUANTUM OPTICS 


Tunable and state-preserving frequency conversion 
of single photons in hydrogen 


R. Tyumenev'}, J. Hammer’, N. Y. Joly”, P. St. J. Russell’, D. Novoa?*7 


In modern quantum technologies, preservation of the photon statistics of quantum optical states upon 
frequency conversion holds the key to the viable implementation of quantum networks, which often 
require interfacing of several subsystems operating in widely different spectral regions. Most current 
approaches offer only very small frequency shifts and limited tunability, while suffering from high 
insertion loss and Raman noise originating in the materials used. We introduce a route to quantum- 
correlation—preserving frequency conversion using hydrogen-filled antiresonant-reflecting photonic 
crystal fibers. Transient optical phonons generated by stimulated Raman scattering enable selective 
frequency up-conversion by 125 terahertz of the idler photon of an entangled pair, with efficiencies up to 
70%. This threshold-less molecular modulation process preserves quantum correlations, making it 


ideal for applications in quantum information. 


ight quanta are efficient and reliable car- 
riers of information because they barely 
interact with the environment. In this 
regard, the manipulation of quantum 
states of light such as single photons or 
entangled photon pairs without affecting their 
quantum properties has attracted major in- 
terest in the last two decades (J, 2). Whereas 
operations on spatial and temporal photonic 
degrees of freedom can be carried out using 
passive devices (3, 4), other modifications such 
as frequency conversion must be performed 
in active systems via nonlinear interactions 
(5-13). Quantum-correlation-preserving fre- 
quency conversion is essential in modern 
quantum technologies requiring quantum 
light sources operating at different frequen- 
cies, but is quite difficult to achieve. First, the 
quality of the quantum source is degraded by 
almost unavoidable addition of noise from 
Raman scattering or fluorescence during in- 
teractions with the media within which the 
light propagates. Second, apart from the spe- 
cial case of thin, high-gain media (74), most 
approaches based on second- or third-order 
nonlinear processes require stringent phase- 
matching conditions to be satisfied, which in 
the common case of dispersive solid materials 
effectively restricts the spectral range of opera- 
tion to a few selected frequencies and greatly 
narrows the bandwidth over which the conver- 
sion can efficiently take place. 
Gas-filled antiresonant-reflecting photonic 
crystal fiber (ARR-PCF) allows highly efficient 
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nonlinear frequency conversion by a combi- 
nation of pressure-adjustable dispersion and 
nonlinearity, with diffraction-free low-loss 
broadband guidance (15-17). When filled with 
a Raman-active diatomic gas such as hydrogen, 
transient optical phonons or coherence waves 
of synchronous collective molecular motion 
can be excited in the gaseous core via stimu- 
lated Raman scattering (SRS). They can be 
subsequently used for threshold-less frequency 
up-conversion of arbitrary signals via molec- 
ular modulation (78, 19), provided momentum 
conservation is satisfied (20). 

Here we report the use of Raman coherence 
waves excited in H,-filled ARR-PCFs for effi- 
cient quantum frequency conversion of a single 
photon from a highly correlated photon pair 
(a biphoton; Fig. 1A). As the up-conversion 
process depends strongly on phase matching 
between the interacting single photons and 
coherence waves, the signal is almost free from 
any background noise caused by incoherent 
molecular modulation. Spontaneous Raman 
scattering from the solid microstructure is 
also negligible because the light-glass overlap 
is extremely low (< 0.01%) (7, 21). In addition, 
other parasitic nonlinear effects such as in- 
stantaneous four-wave mixing are also large- 
ly suppressed in the gaseous core owing to 
the low effective nonlinearity at the pump 
powers used. 

In SRS-based quantum molecular modula- 
tion, a strong pump pulse launched in the fun- 
damental core mode (Fig. 1B) is scattered by 
hydrogen molecules in the core, giving rise to a 
Stokes signal down-shifted by the Raman fre- 
quency vp ~125 THz [i.e., the frequency of the 
main vibrational transition of the Q-branch of 
H, (22)]. The pump-Stokes beat note then drives 
the molecular vibrations, stimulating exponen- 
tial amplification of the Stokes light and caus- 
ing excitation of a quantum coherence wave 
of collective molecular vibrations. The result 
(Fig. 1A) is a moving refractive index grating 


capable of threshold-less Doppler frequency 
shifting of any subsequent, arbitrarily weak 
signal, providing phase matching is satisfied, 
ie., dephasing 8 = |(B,; — Bi) - Bey |* 0 (20), 
where §;, By;, and B.,, are the propagation 
constants of the idler photon, its up-shifted 
counterpart, and the coherence wave, respec- 
tively. In this regard, the “S-shaped” dispersion 
landscape of gas-filled ARR-PCFs (20) (Fig. 1C) 
allows selective intramodal phase-matched 
conversion of any pair of frequencies from 
the ultraviolet to the mid-infrared—a working 
range not achievable by any other existing 
technology—provided they spectrally differ 
by vr. In our system, $ ~ 0 occurs at ~70 bar 
(Fig. 1C). 

To verify these predictions experimental- 
ly, we split the output of a laser delivering 
1064-nm pulses of 3.8-ns duration into two 
arms. A small fraction was used to generate 
the entangled biphotons at 849 nm (signal) 
and 1425 nm (idler) through spontaneous 
four-wave mixing (23, 24) in a suspended- 
core fiber (fig. S2). The signal photons were 
directly sent to a superconducting single- 
photon detector (SSPD) and the idler pho- 
tons, along with the remaining pump power, 
were launched into a 60-cm-long, single- 
ring-type ARR-PCF with 60-um core diameter 
and ~270-nm average capillary-wall thickness 
(Fig. 1B). These design parameters ensured 
that loss-inducing anticrossings between the 
core mode and resonances in the glass-walled 
capillaries (27) lay spectrally away from any 
wavelength of interest. The launch efficiencies 
for the pump in the fundamental mode (Fig. 1B) 
reached 96%, which helped to mitigate noise 
arising from unwanted effects in the glass 
microstructure. Both fiber ends were enclosed 
in hermetically sealed gas cells. The out- 
coupled idler photons, whether frequency 
up-converted to 894 nm or not, were sent to 
a second SSPD, and coincidences between 
the two channels were recorded using a time 
tagger (24), enabling access to the second- 
order correlation function ga), where t = 
t, — t, is the difference between the idler (¢) 
and signal (¢,) arrival times. The set-up is 
sketched in fig. S3. 

We first measured the quantum conversion 
efficiency of the up-shifting process (Fig. 2A), 
defined as n = [1 — (Irnc/I)| x 100, where Ipc 
and / are the idler count rates with and with- 
out Raman coherence prepared in the system 
(controlled by the presence of 115-uJ pump 
pulses; Fig. 2B). This is a valid measure of 
conversion efficiency in an effective two-level 
system such as the hydrogen molecule because 
no other viable scattering routes (such as rota- 
tional SRS (22) or vibrational down-shifting) 
are available to the idler photons. As shown 
in Fig. 2A, n reaches 70% at 70 bar, in excel- 
lent agreement with the theory, and grad- 
ually falls at other pressures owing to strong 
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dephasing and Raman gain suppression (25), 
the latter being responsible for the total can- 
cellation of the modulation process below 
~50 bar (fig. S4). 

The excellent quantitative agreement be- 
tween experimental results and numerical 
modeling (Fig. 2A) (24) allows us to gain in- 
sight into the quantum molecular modulation 
process in the fiber. In particular, the spatio- 
temporal evolution of the Raman coherence 
can be studied, something not accessible in 
the experiments. As illustrated in Fig. 3A, at 
70 bar the Raman coherence builds up along 
the fiber, peaking at ~30 cm. From this point 
on, the single idler photons are predominant- 
ly transformed into anti-Stokes idler photons 
at 894 nm (Fig. 3B), with conversion to Stokes 
photons remaining five orders of magnitude 
lower (Fig. 3C). In the last section of the fiber, 
the pump pulses are substantially depleted 
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and the coherence gradually decays away 
(Fig. 3A). Despite the high pressures, back- 
ward SRS does not play any role in the dynam- 
ics (fig. S5). 

It is also important to verify that the pre- 
existing quantum correlations in the original 
biphoton pairs are preserved during single- 
pump molecular modulation and subsequent 
propagation of the up-shifted anti-Stokes pho- 
tons through the ARR-PCF. To do so, we mea- 
sured the second-order correlation function 
g(t) of the original biphotons (Fig. 4A) and 
compared the result with the second-order 
correlations established between the up-shifted 
idler and the unmodified signal (Fig. 4B). 
The strong resemblance of both g(t) peaks 
(Fig. 4C), normalized to account for acciden- 
tal coincidences caused by the pulsed nature 
of the biphoton source (24, 26), as shown in 
fig. S6, indicates that fragile quantum cor- 


Fig. 1. Fiber-based Raman molecular modulation 
of quantum light sources. (A) Illustration of the 
nonlinear conversion process of single idler photons 
from biphotons. (B) Near-field mode profile of 

the pump (1064 nm) imaged by a charge-coupled 
device camera and overlaid with a scanning electron 
micrograph of the transverse fiber microstructure. 
(Right) theoretical intensity profiles (linear scale) 

of fundamental modes at the wavelengths of 

the Stokes signal (1911 nm), the biphoton idler 
(1425 nm), and its up-shifted anti-Stokes (894 nm) 
and down-shifted Stokes (3511 nm) bands, obtained 
via finite-element modeling of a perfect structure. 
(C) Frequency versus wave vector diagrams at 
three different pressures. To reveal the subtle 
S-shaped profile, the modal propagation constants 
are offset by Brer = (2nv/C)Nett(Vrer), Where Neg is the 
modal index at ves = 600 THz and v is the optical 
frequency. The arrows represent the coherence 
waves (solid) and the corresponding single-photon 
transitions (dashed), which perfectly match at 

~70 bar and are otherwise highly dephased. The 
filled-in circles mark the zero-dispersion points. 


Fig. 2. Pressure dependence of the quantum 
conversion efficiency. (A) Conversion efficiency 
as a function of gas pressure. The experimental 
results (symbols) are in good agreement with 
numerical simulations (dashed line) based on 
axwell-Bloch equations. (B) Estimate of the con- 
version efficiency based on the drop in idler 

count rate at 1425 nm at 70 bar. When the pump 
signal is unblocked after 25 s of measurement time 
(shaded green area), the excited optical phonons 
yield a clear drop in the idler count rate (see fig. S1 
for the behavior of the up-shifted idler). Only dark 
counts are registered (shaded purple area) when 
all the optical signals are blocked. 


relations remain intact during the Raman 
molecular modulation process. It is impor- 
tant to highlight that the system is, in prin- 
ciple, fully reconfigurable by using other 
Raman-active molecular degrees of freedom 
or different gas species and mixtures (25). 
Furthermore, because state-of-the-art ARR- 
PCFs feature extraordinarily low attenuation 
(27) and polarization-maintaining properties 
(28, 29), these fiber-based solutions might also 
provide environmentally insulated transport 
of the modulated biphotons, making these 
quantum devices far more versatile than any 
other alternative to date. 

We have demonstrated that quantum mo- 
lecular modulation based on SRS in gas-filled 
ARR-PCFs can be used for efficient, quantum- 
correlation-preserving frequency conversion 
of biphoton pairs. The approach is indepen- 
dent of the quality and nature of the quantum 
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Fig. 3. Numerical modeling of the frequency shifting process at 70 bar. 

(A) Spatiotemporal evolution of Raman coherence inside the fiber. Time is 
measured relative to a reference frame moving at the group velocity of the pump 
pulses. (B) Evolution of the photon numbers normalized so that the efficiency 
n can be directly extracted. The signals displayed are the original idler (black solid 
line), its Stokes (red solid line) and anti-Stokes (blue-dashed line) bands, and 


Fig. 4. Unaffected quantum correlations. (A) Second-order correlations of 
the original biphoton pairs and (B) of the upshifted-idler + original signal 
biphotons. The gz) peaks sit on a pedestal of accidental coincidences. The 
ratio of both g(x) peaks is ~0.99 and the difference of their widths is 
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source used, meaning that it will preserve any 
degree of second-order correlations present 
in the original system. Moreover, the excel- 
lent mode quality inherent to the system may 
facilitate its efficient interconnection with 
other quantum devices (2). These advantages, 
along with the unparalleled performance 
of ARR-PCFs, provides a route for multiple 
technological applications in fields such as 
quantum-enhanced imaging (30) and com- 
munications (1). 
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HYDROGELS 


Cuticular pad-inspired selective frequency damper 
for nearly dynamic noise-free bioelectronics 


Byeonghak Park’, Joo Hwan Shin’, Jehyung Ok’, Subin Park’, Woojin Jung’, Chanho Jeong’, 


Seunghwan Choy’, Young Jin Jo’, Tae-il Kim’?>* 


Bioelectronics needs to continuously monitor mechanical and electrophysiological signals for patients. 
However, the signals always include artifacts by patients’ unexpected movement (such as walking 

and respiration under approximately 30 hertz). The current method to remove them is a signal process 
that uses a bandpass filter, which may cause signal loss. We present an unconventional bandpass 
filter material—viscoelastic gelatin-chitosan hydrogel damper, inspired by the viscoelastic cuticular 

pad in a spider—to remove dynamic mechanical noise artifacts selectively. The hydrogel exhibits 
frequency-dependent phase transition that results in a rubbery state that damps low-frequency 

noise and a glassy state that transmits the desired high-frequency signals. It serves as an adaptable 
passfilter that enables the acquisition of high-quality signals from patients while minimizing signal 


process for advanced bioelectronics. 


dvanced bioelectronics such as wear- 

able (7, 2) and implantable (3, 4) devices 

are considered highly promising for the 

continuous detection and measurement 

of human physiological signals (5, 6). 
Although recent accomplishments involving 
the integration of soft and flexible materials 
with ultrathin electronics (7, 8) have enabled 
continuous monitoring (9, 70) and multifunc- 
tionality (multimodal sensing and stimula- 
tion) (17-13), such applications (for example, 
in patient care) are generally limited by signal 
artifacts that arise from dynamic noise (usu- 
ally under 30 Hz) (/4, 15). These signal artifacts 
include noise arising from patient movements, 
such as breathing, walking, tapping, and run- 
ning. To selectively remove the dynamic noise 
embedded in these biosignals, processing tech- 
niques such as bandpass filtering are used (74). 
However, that can cause loss of information 
(5) and hardly change the band on demand 
(table S1). And wirelessly transfer of their whole 
signals, including noises in miniaturized wear- 
able electronics, suffer from signal delay in the 
signal processing. Although damping materials 
that have shock-absorbing properties could 
be useful, they need to be designed to damp 
the wide or selective ranges of frequency of 
biophysiology. 
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Spiders can use their webs to monitor 
minute vibration signals generated by their 
prey, enemies, and mates, even in noisy (windy 
or rainy) conditions, which usually correspond 
to low-frequency (~30 Hz) vibrations (Fig. 1A) 
(16). Spiders can separate target vibration sig- 
nals from mechanical noise using a selective 
vibration frequency damping organ in the form 
of a cuticular pad located under the vibration 
receptor (fig. S1) (16, 17). The cuticular pad has 
viscoelastic properties that result from viscous 
bonds such as hydrogen bonds between chitin 
and protein chains, and the pad material phase 
changes from a rubbery to a glassy state above 
an applied frequency of near 30 Hz (Fig. 1B) 
(17). This phase transition allows the pad to 
selectively transmit target vibration signals 
(higher than 30 Hz) and filter low-frequency 
noise (lower than 30 Hz). 

We fabricated a chitosan and gelatin inter- 
penetrating hydrogel damper (fig. S2 and movie 
S1). The dynamic mechanical properties of the 
hydrogel are similar to those of the spider’s 
cuticular pad, with modulus increasing with 
frequency (Fig. 1C). The material enables vis- 
cous damping below the transition frequency. 
Above the transition frequency, the tan 5 value 
decreases while the modulus increases with 
frequency, so that vibrations elastically trans- 
mit. Attributed to its low-frequency damping, 
the hydrogel can be used in eliminating dy- 
namic noises under 30 Hz (Fig. 1D and fig. S3). 
The key mechanism we hypothesize for select- 
ive damping is based on the relaxation time 
of the viscoelastic material, determining the 


material’s transition frequency (Fig. 1E). The 
ratio of the relaxation time to the deforma- 
tion time (observation time) is defined as De, 
which characterizes the viscoelasticity of the 
material. When a vibration stimulus reaches 
the hydrogel damper, the weak bonds respon- 
sible for the viscosity partially break and absorb 
the vibration energy, resulting in a rubbery 
state. If the relaxation time is less than the 
vibration period (De < 1; viscous) and the 
mechanical stress is quickly recovered before 
the next period of the vibration, then the vi- 
bration is continuously absorbed. As the fre- 
quency increases up to the transition point 
(De = 1), shear thickening occurs, and the 
viscosity increases because of the friction 
between the chains with remaining viscosity- 
related bonds, and the damping is maximized. 
However, if the relaxation time is longer than 
the vibration period (De > 1; elastic), mean- 
ing that the stress does not recover before 
the next period of the vibration, then the ab- 
sorption fails, the chains rearrange, and the 
vibration transmits. 

To investigate the selective damping prop- 
erty of the hydrogel damper composed of 
semi-interpenetrating hydrogels with gela- 
tin and chitosan, we implemented dynamic 
mechanical analysis through the frequency 
sweep with chitosan, gelatin, and gelatin- 
chitosan hydrogel (Fig. 1F). The chitosan main- 
tains a high tan 6 value because of its viscous 
bonds between its chains in overall frequency, 
whereas gelatin has an apparent phase tran- 
sition (18, 19). We hypothesize that the exter- 
nal vibration stimulus dissociates the viscous 
bonds, such as hydrogen bonds, of the poly- 
mer matrix from dominantly chitosan hydro- 
gel, dissociates hydrophobic interactions from 
dominantly gelatin hydrogel, and rearranges 
chitosan and gelatin chains in the manner 
of the stimulus (fig. S2) (20). Mixtures of 
gelatin and chitosan exhibit both high damp- 
ing and phase transition, so that the selec- 
tive frequency damping can be realized. The 
mechanical compression test shows decreas- 
ing hysteresis on the frequency (fig. S4) by 
shear-thickening damping properties, and the 
damping mechanism predominantly comes 
from the break and recovery of the viscous 
weak bonds (fig. S5). The highpass filter 
characteristics can be shown with 14.18 dB/ 
decade at 27°C and 59.69 dB/decade at 45°C 
in a Bode plot (fig. S6 and table S2). 

These selective frequency-damping prop- 
erties can be used in bioelectronics. Dynamic 
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Fig. 1. Selective noise A 
damping in a spider’s 
cuticular pad and the 
bioinspired gelatin- 
chitosan hydrogel 
damper for selective 
frequency-dependent 
damping. (A) Schematic 
illustrations of selective 
low-frequency damping 
of superposed high- 
frequency target signals 
(>30 Hz) at the visco- 
elastic cuticular pad 
between the tarsus and 
metatarsus. The selec- 
tively transmitted target 
signals reach the lyri- 
form slit organs (vibra- 
tion receptor). (B) 
Viscoelastic properties of 
the spider's pad, which 
depend on the applied 
frequency of vibration 
(28). The mechanical 
properties of the 
damping pad include a 
rubber-glass transition 
under an ~30-Hz vibra- 
tion. (©) Dynamic 
mechanical storage 
modulus and tan 6 of the 
gelatin-chitosan hydrogel 
versus frequency (n = 3 
samples, mean + SD). 
(D) Schematic illustration 
of selective biophysio- 
logical signal detection 
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through the hydrogel damper from skin and the surroundings. At high frequency, the vibration starts to transmit through the hydrogel damper surface, with 
the plate vibration patterns visualized on the surface. (E) Selective damping mechanism in the hydrogel damper related to the relaxation time. The transition 
between absorption and transmission is determined by the De of the hydrogel damper. The hydrogel damper on 1.5 um polyethylene terephthalate (PET) 


(white dotted lines 


fluctuates under a 100-Hz vibration, transmitting the vibrations De > 1. (F) Dynamic tan 6 curves of chitosan, gelatin, and the gelatin- 


chitosan hydrogel below and above De = 1. (G) Representative frequency ranges of human mechanical (blue) and electrophysiological (orange) biosignals 
and mechanical damping ranges of the hydrogel damper (red) in the 27° to 45°C temperature range (21-23). (H and 1) Example of bioelectronics by the 
hydrogel damper electrode for measuring electrophysiological signals (H) with mechanical noise and (I) incorporated with the hydrogel damper for selective 
mechanical target signal detection by a crack-based strain sensor connected to a Bluetooth module. Scale bars, (H) 1 cm; (I) 8 mm. 


noise from motion artifacts is found over a 
wide frequency range (Fig. 1G), from 0.01 to 
nearly 15 Hz, including even involuntary me- 
chanical signals, such as respiration (0.1 to 
1 Hz), heartbeat (0.3 to near 4 Hz), and gait 
motion (1 to 15 Hz) signals (21-23). Integration 
with the hydrogel material on conventional 
electrodes can be compatible to detect elec- 
trophysiological signals such as electroence- 
phalogram (EEG) and electrocardiogram (ECG) 
signals (Fig. 1H). The hydrogel damper electrode 
targets the elimination of low-frequency me- 
chanical noise while transmitting electrical 
biophysiological signals through an electrical 
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pathway. To apply our selective damping mate- 
rial to the detection of distinct mechanical 
biophysiological signals, we designed a proto- 
type device that consists of a 2-mm-thick 
hydrogel coated on a mechanosensor. We de- 
monstrate a nanoscale crack-based mechano- 
sensor inspired by a spider’s vibration-sensing 
slit organ, with a Bluetooth module for wire- 
less data acquisition and a closed-loop com- 
pensation system for temperature variation 
by use of a heater and thermocouple (Fig. 11 
and fig. S7). 

Engineering the relaxation time of the hy- 
drogel damper can shift the damping curve 


and transmitted frequencies according to users’ 
demand. When the polymeric chains have a 
higher diffusion rate, they have more chances 
to recover their stress, leading to fast relaxa- 
tion time under the given mechanical stimulus 
(Fig. 2A). The relaxation time is determined by 
the temperature and molecular weight of gela- 
tin, which affects the diffusion rate of the 
chains, as confirmed with the Rouse model in 
tube theories (Fig. 2B and figs. S2 and S8) (24). 
The water content can be one of the factors for 
the viscoelasticity, but for stability, the con- 
centration was fixed at 6 wt % on the basis of 
the optimization (fig. S9). The relaxation time 
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changes from 1.11 to less than 0.0193 s (Fig. 2B). 
Drop-ball tests with a 3.2-mm-diameter stain- 
less steel ball on the hydrogel substrates rep- 
resent elastic transmission and reflection of 
mechanical energies at 19°C, where the De num- 


ber is >1, whereas the damping of mechanical 
energies occurs after the temperature is in- 
creased to 45°C, where De is «1 (Fig. 2C and 
movie S2). The viscoelastic properties can be 
controlled by tuning the temperature, as ex- 


emplified by our ability to shift the damping 
frequency from 0.89 to 51.8 Hz by changing 
the temperature from 27° to 45°C (Fig. 2D); in 
this way, the damping frequency can be tuned 
according to the user requirements (fig. S10). 
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Fig. 2. Shifting the damping region by tuning the relaxation time, which 
corresponds to the transition frequency. (A) Schematic illustration of chain 
elaxation after a vibration stimulus in relatively (left) low-temperature and 
(right) high-temperature atmospheres. A higher temperature accelerates the 
elaxation. (B) Temperature and molecular weight dependency of the relaxation 
time and transition frequency of the hydrogel damper. The transition frequency 
is the reciprocal of the observed relaxation time when De = 1. (C) Viscoelastic 
transmission and damping at different temperatures (19° 35° and 45°C), with 
De verified by dropping metal balls on the hydrogel layer. (D) Shifting of the 
hydrogel damper transition frequency from 0.89 Hz at 27°C to 51.8 Hz at 45°C. 
(E) Measured real-time waveforms of vibrations in reference (gray) and the 
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wavelet transform of each vibration transmitted through a reference at 27°C and 
the hydrogel damper at 27°C and 45°C. 


science.org SCIENCE 


RESEARCH | REPORTS 


Transmitted vibration amplitudes through 
the hydrogel damper (Fig. 2E, red) and poly- 
dimethylsiloxane (PDMS) reference (Fig. 2E, 
gray) at 27° and 45°C with 10 s of vibrations 
(5, 25, and 100 Hz) and a temperature sweep 
(from 18° to 45°C) at three applied vibration 
frequencies (5, 25, and 100 Hz) (Fig. 2F) implies 
that selective frequency damping and shifting 
of the frequencies is feasible (fig. S8). For the 
25-Hz vibration, there is a marked decrease in 
transmission with the temperature that reflects 
the temperature-induced transition-point shift 
compared with the continuous-absorption 5 Hz 
and transmission 100 Hz (Fig. 2F). Even with 
multiple superposed vibrations, selective damp- 
ing by the hydrogel damper at 5 Hz occurs at 
27°C (Fig. 2G), whereas raising the temper- 
ature to 45°C enables the damping frequency 
to be increased to 51.8 Hz. By contrast, the 


PDMS elastomer transmits vibrations regard- 
less of frequency and temperature because of 
its elastic properties. Morlet wavelet transform 
images demonstrate the selective damping 
properties and shifts in the hydrogel damper 
damping curve between 27° and 45°C; the 
damping by the reference is shown for com- 
parison (Fig. 2H). 

We compared the damping properties with 
commercially available polymeric dampers—D30 
(25), Alphagel (Theta 7) (26), a silicone-based 
elastomer (PDMS), and a shear-thickening corn- 
starch suspension—that are viscoelastic shear 
thickening materials for shock absorption. 
When each damper’s absorbed energy per 
volume is measured at various frequencies 
to investigate energy absorption capability 
(Fig. 3A), the peak damping energies in the 
hydrogel damper case, at both 27° and 45°C, 


are at least 6.7 times higher (113.04 mJ/mm? 
at 27°C and 108.62 mJ/mm? at 45°C) than 
the next best-performing damping material. 
Even though the damping curve can be shifted 
by tuning the temperature, the amount of ab- 
sorbed energy shows the only minimal change. 
Attributed to the apparent phase transition 
of the hydrogel damper, the relaxation time 
changes, and transition frequencies even- 
tually show dramatic changes under the 
temperature (Fig. 3B). The absorbed energy 
comparison of the hydrogel damper shows 
superior selectivity between the noise and 
target signals (338.73 at 27°C and 282.39 at 
45°C), which is more than 20 times those of 
the other damping materials (Fig. 3C). The 
hydrogel damper also exhibits a damping 
factor that is more than 3.35 times larger 
(22 mJ-s/m? at 27°C and 5.7 mJ-s/m? at 45°C) 
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Fig. 3. Damping properties of the gelatin-chitosan hydrogel damper 
compared with other damping materials. (A) Absorbed energy per 

volume for the hydrogel damper at 27°C (pink) and 45°C (red) and for 
representative damping materials [PDMS (green), Theta 7 (blue), D30 


(purple), and 55% cornstarch solution (black)] (n = 5 samples, mean + SD). 


(B) Relaxation time changes and transition frequency changes with 
temperature (27° and 45°C) for the hydrogel damper and other damping 
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Modulus (MPa) 


materials. (©) Amplitude difference between peak frequency and 100 Hz 
for the hydrogel damper at 27° and 45°C and other damping materials. 

(n = 5 samples, mean + SD). (D) Damping factors for bandpass filtering by 
the hydrogel damper and other damping materials. (n = 5 samples, mean + 
SD). (E) Bandwidth comparison of hydrogel damper at 27°C and 45°C and 
other damping materials. (F) Energy damping diagram of the hydrogel 
damper and other materials (30). 
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than those of the other damping materials 
(Fig. 3D). Thus, in the case of the hydrogel 
damper, the damping bandwidths are narrow 
(80.59 Hz at 27°C and 169.3 Hz at 45°C), 
whereas other dampers show broad band- 


Actuator 


widths (Fig. 3E). Among a broader range of 
material types in an Ashby plot, the hydrogel 
damper is located close to conventional hydro- 
gels, near the kilopascal range (Fig. 3F). The 
hydrogel damper surpasses the tan 6 over the 
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the kilopascal modulus ranges. 

We applied the hydrogel damper into bio- 
electronics for continuous biosignal detection 
without signal processing. The amount of 
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Fig. 4. Demonstration of dynamic noise-damping by using the hydrogel 
damper for high SNR detection of biophysiological signals. (A) Demonstra- 
tion of human speech recording based on neck vibration by using wireless 
mechanical sensing with the hydrogel damper and PDMS as a reference. 

(B) Frequency ranges of a male voice and a swallowing motion (~20 Hz). 

(C) Comparisons of auditory spectrograms measured (top) without and 
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Time (s) 


damper and reference (PDMS) (n = 18 samples). (E) Potential application in 
ECG detection on the skin with the hydrogel damper and a commercial 3M 
electrode. (F) Frequency ranges of ECG, tapping, breathing, and walking 
signals. (G) ECG signals measured with a commercially available 3M electrode, 
after bandpass filtering of 0.5 to 40 Hz and (top) additional bandstop filtering 
and (bottom) using the hydrogel damper under mechanical noise application: 
tapping, breathing, and walking. (H) Another potential application in EEG 
detection under 10-Hz noise applied with an actuator. (1) Typical frequency 
ranges of EEG and 10-Hz actuation signals. (J) Wavelet analysis of EEG 
signals with (middle) a 3M electrode, (bottom) a commercial electrode with 
a bandstop centered at 10 Hz, and (top) the hydrogel damper during eye 
closing and opening. The alpha wave region (8 to ~12 Hz) is targeted under 
external mechanical noise (10 Hz). 
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water passivated in the hydrogel damper that 
is laminated on the different skin spots (chest, 
neck, wrist, and forehead) does not change 
significantly (figs. S9 and S11). First, to sepa- 
rate target mechanical signals from low- 
frequency dynamic noise, we assembled the 
hydrogel damper with an ultrasensitive crack- 
based strain sensor (Fig. 1I and fig. $12) (27, 28). 
One example would be to acquire speech 
information without dynamic noises deployed 
on the neck (Fig. 4A). The frequency of neck 
vibration during speech is usually at least 100 Hz, 
whereas physical noise arises from motions such 
as swallowing and skin tension due to move- 
ment, which usually has frequencies under 
30 Hz (Fig. 4B) (22, 23). A male volunteer spoke 
“Viva la vida” after attaching the integrated 
sensor to his neck (Fig. 4C, yellow arrows), 
and then the volunteer performed a swallow- 
ing motion to create dynamic noise (Fig. 4C, 
black arrows). Even if the sensor has low- 
frequency dynamic noise induced by the tension 
of the skin or movement, it contributes over 
a wide frequency range because the noise can 
create various scales of friction (29). A Morelet 
wavelet transforms analysis shows that using 
the control sensors with PDMS and bandpass 
filtering with 80 to 200 Hz, the vocal signals 
and swallowing motion could barely be iden- 
tified (Fig. 4C, fig. S15, and movie $3). By con- 
trast, the spectrogram of the sensor with the 
hydrogel damper shows a relatively clear sepa- 
ration of acoustic signals from the swallowing 
motion signal; even at 40°C with the inte- 
grated heater, entire noise signals due to mo- 
tion disappear (fig. S16). The reference, even 
with the bandpass filtering at 80 to 200 Hz, 
shows a broad frequency range with the lowest 
signal-to-noise ratio (SNR), which means that 
the target signal acquisition is inaccurate, 
making it hard to discriminate signal from 
noise (Fig. 4D). With the hydrogel damper, 
the peak frequency ranges become narrow, 
and the SNR increases with the temperature 
(fig. S17). Another example of acquisition, heart 
rate signals (0.3 to 4 Hz) on the wrist under 
the lifting move or tapping (<0.4 Hz), supports 
that the selective mechanical signal target can 
be exploited regardless of the mechanical 
noises (fig. S18). 

Because the hydrogel damper can be used as 
a conductive electrode as well as a damping 
material, we next explored whether it can be 
used to obtain electrophysiological signals 
(ECG and EEG) (Fig. 1H and fig. S13). The 
hydrogel can be expected to transmit the electro- 
physiology while damping the external me- 
chanical noises. With the lower impedance 
of the hydrogel (fig. S13), one demonstration 
involves ECG signal detection (0.05 to 150 Hz 
range) measurement by attaching each electrode 
to the chest of a volunteer (Fig. 4E) while the 
electrode is tapped (7 to 8 Hz) and the parti- 
cipant is breathing and walking (1 to 2 Hz) 
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(Fig. 4F). When the representative signals 
before and after mechanical noise application 
were analyzed, the mechanical noise obscured 
the ECG waveforms, whereas the ECG signal 
was detected in the hydrogel case regardless 
of mechanical noise (Fig. 4G). Even band- 
pass filtering of 0.5 to 40 Hz and additional 
arbitrary bandstop filtering were ineffective 
in each case because the noise frequency was 
within the frequency ranges of the target sig- 
nals. By contrast, the hydrogel damper results 
show representative signals that were stable 
and clear regardless of external mechanical 
noise (fig. S19). During continuous biophys- 
iology detection over a full day, the mechanical 
noise-damping capability was not degraded 
(fig. S20). 

We also measured EEG alpha wave signals 
(8 to 12 Hz) when the eyes are closing by at- 
taching the electrodes to a volunteer’s fore- 
head, together with an actuator that generates 
10 Hz mechanical noise (Fig. 4, H and I). The 
wavelet spectrogram shows that both the 
hydrogel damper and commercial electrodes 
detect electrical signals at ~9 to 12 Hz when 
the volunteer closes their eyes (Fig. 4J). When 
the eyes are open, in which case no signals 
should appear at 9 to 12 Hz, continuous 10-Hz 
noise was detected in the commercial electrode 
cases, and even bandstop filtering of 10 Hz 
was inefficient because it distorted the signals. 
However, the hydrogel damper damps the 
10-Hz noise selectively, and intermittent signals 
at 9 to 12 Hz are detected by the hydrogel dam- 
per during natural eye closing, indicating that 
stable electrical signal acquisition is achieved 
regardless of the noise (fig. S21). 

Selective frequency damping with the visco- 
elastic material minimizes mechanical noise 
and enables the detection of biophysiological 
signals with a high SNR under noisy condi- 
tions. Rather than signal processing after the 
interruption by the mechanical noises, selec- 
tive frequency damping by the material itself 
would be more effective to acquire clear sig- 
nals. The strategy for the engineering of relax- 
ation time on demand becomes essential under 
the various environmental conditions and needs 
to be further improved in the future work—as 
well as the temperature controls, which may 
require additional form factors in whole de- 
vices, and the skin can suffer from the tem- 
perature controls. In this way, we propose that 
the real-time application of soft bioelectronics 
that does not require a signal-processing step 
can be accelerated with viscoelastic soft mate- 
rials compared with that of rigid wearable 
electronics. 
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EVOLUTION 


Idiosyncratic epistasis leads to global 


fitness-correlated trends 


Christopher W. Bakerlee’?+, Alex N. Nguyen Ba’**5+, Yekaterina Shulgina’, 


Jose |. Rojas Echenique™®, Michael M. Desai?”2* 


Epistasis can markedly affect evolutionary trajectories. In recent decades, protein-level fitness 
landscapes have revealed extensive idiosyncratic epistasis among specific mutations. By contrast, other 
work has found ubiquitous and apparently nonspecific patterns of global diminishing-returns and 
increasing-costs epistasis among mutations across the genome. Here, we used a hierarchical CRISPR 
gene drive system to construct all combinations of 10 missense mutations from across the genome in 
budding yeast and measured their fitness in six environments. We show that the resulting fitness 
landscapes exhibit global fitness—correlated trends but that these trends emerge from specific 
idiosyncratic interactions. We thus provide experimental validation of recent theoretical work arguing 
that fitness-correlated trends can emerge as the generic consequence of idiosyncratic epistasis. 


pistatic interactions have important con- 
sequences for the design and evolution 
of genetic systems (7-3). Much work in 
recent decades has studied these inter- 
actions by measuring empirical fitness 
landscapes, most often at “shallow” depth for 
genome-scale studies (e.g., by quantifying pair- 
wise but not higher-order epistasis between 
all gene deletions or mutations) or at “narrow” 
breadth (e.g., complete landscapes at the scale 
of small select regions in single genes such as 
by quantifying all orders of epistatic interac- 
tions among few amino acid residues) (4-18). 
These studies have often found many epistatic 
interactions among specific mutations at both 
lower orders (i.e., among few mutations) and 
higher orders (i.e., among many mutations). 
These reflect particular biological and physical 
interactions among the mutations involved; 
following recent work (19, 20), we refer to them 
as “idiosyncratic” epistasis because they involve 
the specific details of these mutations. Overall, 
this body of work has highlighted the potential 
for epistasis to create historical contingency that 
tightly constrains the distribution of adaptive 
trajectories accessible to natural selection. 

By contrast, other work examining adaptive 
trajectories that implicate loci across the ge- 
nome has found patterns of apparently “global” 
epistasis, in which the fitness effect of a 
mutation varies systematically with the fit- 
ness of the genetic background on which it 
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occurs (21-28). Typically, this manifests as 
either diminishing returns for beneficial 
mutations or increasing costs for deleterious 
mutations, with mutations having a less posi- 
tive or more negative effect on fitter back- 
grounds. These consistent patterns of global 
epistasis may give rise to the dominant evo- 
lutionary trend of declining adaptability, and 
in contrast to the complexity of idiosyncratic 
interactions, they suggest that historical con- 
tingency could be less critical in constraining 
adaptive trajectories (29). 

Despite their importance, these dual de- 
scriptions of epistasis have not been satisfac- 
torily unified. In one view, global epistasis 
results from nonspecific fitness-mediated 
interactions among mutations (24). Such 
interactions may, for example, emerge from 
the topology of metabolic networks, which 
generates overall patterns of diminishing re- 
turns and increasing costs that eclipse the 
specific details of idiosyncratic interactions 
(30). By contrast, other recent theoretical work 
has proposed an alternative view, hypothesiz- 
ing that apparent fitness-mediated epistasis 
can instead emerge as the generic consequence 
of idiosyncratic interactions if they are suffi- 
ciently numerous and widespread (19, 20). 
These two models have substantially different 
implications for the structure of fitness land- 
scapes, which in turn influence our expecta- 
tions of the repeatability and predictability of 
evolution and of the effect of chance and con- 
tingency on adaptation at both the genotypic 
and phenotypic levels. Thus, this dichotomy 
plays a central role in our understanding of 
how epistasis affects evolutionary dynamics. 

Thus far, however, empirical work has been 
unable to distinguish between these perspec- 
tives. The key difficulty is that testing these 
ideas requires both depth and breadth: We 
must analyze landscapes involving enough 
loci that we sample idiosyncratic interac- 
tions that can potentially give rise to overall 


fitness-mediated trends, and we must survey 
possible combinations of these mutations at 
sufficient depth to quantify the role of higher- 
order interactions (including potential “global” 
nonspecific fitness-mediated interactions). 
Larger landscapes are also necessary to reduce 
the influence of measurement error on the 
inference of epistasis and analysis of fitness- 
correlated trends (FCTs) (see the supplemen- 
tary materials, section 6.3). Achieving this 
depth and breadth is technically challenging 
because it requires us to synchronize many 
mutations across the genome. 

Here, we overcame this challenge by de- 
veloping a method that exploits Cre-Lox 
recombination to create a combinatorially 
expanding CRISPR guide-RNA (gRNA) array in 
Saccharomyces cerevisiae, which allowed us to 
iteratively generate mutations at distant loci 
through a gene-drive mechanism (Fig. 1A). Briefly, 
strains of opposite mating type containing 
inducible Cre recombinase and SpCas9 genes 
were mutated at one of two loci (A or B), and 
DNA encoding gRNAs specific to the wild-type 
(WT) alleles at these loci were integrated into 
their genomes (fig. S1). After mating to produce 
a diploid heterozygous at.A and B, we induced 
a gene drive to make the loci homozygous. This 
began with expressing Cas9 and generating 
gRNA-directed double-strand breaks at the 
WT A and B alleles. These breaks were then 
repaired by the mutated regions of homolo- 
gous chromosomes, making the diploid homo- 
zygous at these loci with at least 95% efficiency. 
Simultaneously, we expressed Cre to induce 
recombination that brought gRNAs into phys- 
ical proximity on the same chromosome by 
way of flanking Lox sites using a strategy 
similar to that described previously (37) (Fig. 
1B). We then sporulated diploids and selected 
haploids bearing the linked gRNAs from both 
parents. In parallel, we performed this process 
with “pseudo-WT” versions of these loci, which 
contain synonymous changes that abolish 
gRNA recognition but lack the nonsynonymous 
change of interest. This created a set of four 
strains, with all possible genotypes at loci A 
and B. Concurrently, we created separate sets 
of four strains with all possible genotypes at 
other pairs of loci (e.g., C and D). 

By iterating this process, we could rapidly 
assemble an exponentially expanding, combi- 
natorially complete genotype library. We mated 
separate sets of four genotypes bearing all 
combinations of mutations at two loci each in 
an all-against-all cross, drove their mutations, 
recombined their gRNAs, and sporulated to 
produce a 16-strain library bearing all four- 
locus mutation combinations. Repeating these 
steps in a third cycle with two four-locus 
libraries of opposite mating type yielded a 
256-strain, eight-locus library, and a complete 
landscape of up to 16 mutations (2”° strains) 
could be constructed in just four cycles. 
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Fig. 1. Recombining CRISPR-gene drive system. (A) Experimental design. 
Strains of opposite mating type carrying known mutations and corresponding 
gRNAs mate to form heterozygous diploids. Cas9 expression “drives” these 
mutations, and site-specific recombination links gRNAs. Homozygous diploids are 
sporulated, haploids with linked gRNAs are selected, and the process repeats, 
incorporating exponentially increasing numbers of mutations. (B) Recombining 
gene drive system. gRNAs targeting heterozygotic loci are flanked by selection 
markers and two of three orthogonal Lox sites (colored triangles), which are 
inactivated through recombination (red triangles). Cas9 “drives” targeted 
mutations, whereas Cre-Lox recombination brings like markers to the same 
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chromosome and activates a URA3 gene interrupted by an artificial intron. After 
sporulation, the chromosome with gRNAs is selected using the markers of 
interest and the other is counterselected using 5-fluoroorotic acid (5-FOA). 

(C) Cross-design. A complete fitness landscape is produced in parallel by distinct 
cross designs that yield final homozygous diploids and haploids in biological 
replicates with unique DNA barcodes. (D) Bulk-fitness assays. Pooled strains are 
assayed in replicate for competitive fitness in several environments by 
sequencing barcodes to obtain strain frequencies over time. (E) Repeatability of 
technical replicate competitive fitness measurements. (F) Repeatability of 
biological replicate competitive fitness measurements. 
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We sought to use this method to construct 
a complete fitness landscape that would shed 
light on the structure of epistasis: Are FCTs 
primarily the product of a global coupling of 
mutations through fitness or do they emerge 
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as the consequence of idiosyncratic epista- 
sis? We surveyed studies of natural variation 
[e.g., (32-36)] and experimental evolution [e.g., 
(37-39)] to identify mutations potentially rel- 
evant to adaptation in the laboratory strain. 
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Fig. 2. Fitness landscapes. (A) Correlation in observed fitness (upper right) and predicted fitness (from 
inferred model, lower left; see the supplementary materials, section 5.1) across ploidies and environments. 
(B) Background-averaged additive effect of each locus across ploidies and environments. Error bars 
represent 95% confidence intervals. (C) Background-averaged pairwise epistatic effects between loci across 
ploidies and environments. Weights of edges connecting loci represent the proportion of pairwise variance 
explained by each interaction. Heights of bars on the perimeter correspond to the proportion of additive 
variance explained by each locus in each environment. (D) Variance partitioning of broad-sense heritability 
from additive and epistatic orders across ploidies and environments. (E) Cumulative distribution of the 
epistatic variance explained by rank-ordered epistatic terms of all orders. 
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We selected a set of mutations that sample a 
wide range of cellular functions, such as mem- 
brane stress response, mitochondrial stability, 
and nutrient sensing. Our goal in making this 
choice was to maximize fitness variance while 
minimizing pathway-specific idiosyncratic inter- 
actions. Alternative choices of mutations, partic- 
ularly if they were focused on a specific protein 
or pathway (or limited to those that accumu- 
lated along the line of descent in a single 
lineage), might exhibit very different patterns of 
epistasis, which would be characteristic of the 
particular details of that specific protein or path- 
way (or that specific adaptive trajectory). How- 
ever, our goal here was to analyze potentially 
global patterns of epistasis among mutations 
across the genome that are relevant to fitness in a 
variety of conditions and thus represent an over- 
all fitness landscape for the laboratory strain. 

We thus implemented our gene-drive sys- 
tem to construct a near-complete landscape 
spanning 10 missense mutations in 10 genes 
(including essential genes) on eight chromo- 
somes: AKLI (S176P), BUL2 (L883F), FASI 
(G588A), MKTI (D30G), NCS2 (H71L), PMAI 
(S234C), RHOS (G10S), RPI (E102D), SCH9 
(P2208), and WHI2 (L262S) (Fig. 1C and table 
S1). We found that a landscape of about this 
size is required to distinguish the two models 
(see the supplementary materials, section 6.3). 
Immediately before the final mating cycle, all 
strains were transformed with a unique DNA 
barcode next to the LYS2 locus to enable high- 
throughput, sequencing-based competitive fit- 
ness assays (figs. S2 and S3). All strains in each 
replicate haploid library were genotyped at all 
10 loci to confirm the presence of the desired 
alleles (this step also ensures presence in the 
diploid libraries). We excluded strains in which 
gene drive failure led to improper genotypes, 
such that ultimately 875 out of 1024 (85.4%) 
genotypes remained (468 were present in just 
one library, and 407 were present in both 
libraries). We also performed whole-genome 
sequencing of 96 randomly selected strains 
to rule out pervasive aneuploidies or influ- 
ential but spurious background mutations. 
One aneuploidy was identified, and three spu- 
rious background mutations were observed at 
>5% frequency. Subsequent analysis showed 
that these were unlikely to systematically 
influence our findings (table S2 and supple- 
mentary materials, section 5.1). 

To obtain fitness landscapes, we conducted 
replicate bulk barcode-based fitness assays on 
both pooled haploid and homozygous diploid 
versions of the genotype library in six distinctly 
stressful media environments: yeast extract 
peptone dextrose (YPD) + 0.4% acetic acid, 
YPD + 6 mM guanidium chloride, YPD + 35 uM 
suloctidil, YPD at 37°C, YPD + 0.8 M NaCl, 
and synthetic dextrose (SD) + 10 ng/ml 4- 
nitroquinoline 1-oxide (4-NQO) (Fig. 1D). 
For each of 7 days, pools were allowed seven 
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Fig. 3. FCTs. (A) Schematic contrasting how 
global or idiosyncratic epistasis could pro- 
duce FCTs. Inset shows FCT analyzed as the 
effect of a mutation (Ap) on backgrounds of 
different fitnesses. (B) Histogram and 
scatterplot of regression slopes (b) between 
@mut and @wr, and corresponding absolute 
additive effects of mutations. Polarity was 
adopted such that b < 1. Total error bar 
length is twice the standard error of the 
slope. (C) Fitness effect of RHOS mutation 
(G10S) (put Versus Pwr) in all haploid 
backgrounds at 37°C (left) and partitioned 
by genotypes at WHI2 (L262S) (middle) and 
WHI2 and AKL1 (S176P) (right). Initial 
SSEp=1/SSEp-giobai iS 1.21. (D) Fitness effect 
of AKL1 mutation in all homozygote back- 
grounds in the suloctidil environment, 
partitioned by genotypes at MKT (D30G), 
RHOS, and WHIZ. Initial SSEp-1/SSEp-giobal = 
1.31. (E) Median relative fit ratio between 
regressions with fixed slope of b = 1 and 

b = global as function of number of epistatic 
terms removed from observed phenotypes. 
Vertical lines represent interquartile range. 
Polarity was adopted such that b < 1. 

(F) Inferred fitness effect of PMAI S234C 
mutation in 4-NQO environment across all 
haploid backgrounds. Epistatic terms 
interacting with PMAI are completely 
removed from genotype fitnesses, then 
added back sequentially (from largest to 
smallest). Bottom-right: full-model (inferred) 
and observed genotype fitnesses, respec- 
tively. Gray line is regression slope. 

(G) Scatterplot and histograms of FCT 
regression slopes for all data and the number 
of epistatic terms sufficient to recapitulate 
them. Horizontal lines in the histogram 
indicate means. Arrows and letters indicate 
populations presented in previous panels. 
Polarity was adopted such that b < 1. 
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generations of growth, and aliquots were sam- 
pled and sequenced at the barcode locus at 
generations 7, 14, 28, 42, and 49. We estimated 
the relative fitness of each genotype from 
changes in barcode frequencies through time, 
achieving consistent measurements across tech- 
nical and biological replicates (Fig. 1, E and F, 
and fig. S4). From these data, we inferred the 
background-averaged additive and epistatic 
effects of each mutation and combination of 
mutations, respectively (using LASSO regula- 
rization; see the supplementary materials). 
We found that our six environments yielded 
substantially different landscapes, as dem- 
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onstrated by the relatively low between- 
environment correlations of genotype fitnesses 
(Fig. 2A), the additive effects of each mutation 
(Fig. 2B), and the pairwise interactions be- 
tween them (Fig. 2C). Haploid and homozygous 
diploid landscapes were largely correlated, but 
there were several notable exceptions, partic- 
ularly in the suloctidil environment (Fig. 2, A 
and B). Although some pairwise interactions 
remain roughly constant in strength even as 
the corresponding additive effects varied con- 
siderably (e.g., RHO5 and WHI2), most waxed 
and waned across environments (Fig. 2C). 
Nevertheless, the overall contribution from dif- 
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ferent epistatic orders showed some similarities 
across ploidies and environments (the magni- 
tudes did differ; Fig. 2D), with additive and 
pairwise terms explaining most of the variance 
in the data, third-order terms contributing 
minorly, and the remaining orders making little 
difference, consistent with earlier studies (40). 
Across all epistatic orders, inferred effects were 
highly skewed, with a small number of terms 
explaining disproportionate variance (Fig. 2E). 

We next sought to investigate potential pat- 
terns of global fitness-mediated epistasis. To 
do so, for each locus in each ploidy and envi- 
ronment, we plotted the fitness of a genotype 
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with the mutated allele (@)yy:) against the fit- 
ness of the same genotype with the WT allele 
(wr). A regression slope (0) different from 1 in 
these plots signifies an FCT (Fig. 3A, left; see 
the supplementary materials). Some previous 
work instead plotted the fitness effect of a 
mutation (A@) as a function of background 
fitness (wr). The advantage of our formula- 
tion here is that it does not privilege a specific 
allele as the “WT.” Instead, regression in our 
plots translates intuitively when reversing 
direction to treat the reversion as the mutation: 
Brey = 1/Dorig by weighted-total least squares 
(see the expanded discussion in the supple- 
mentary materials; figs. S5 to S8). 

We found that FCTs were common in our 
landscapes: Across all ploidies, environments, 
and loci, ~44% of regression slopes deviated 
substantially from 1 (e., b < 0.9 or b = 0.977; 
these deviations were all significant; Fig. 3B, 
histogram, and figs. S13 and S14). However, 
FCTs were not universal for fitness-affecting 
mutations: Of the 49 examples across ploidies 
and environments of mutations with additive 
effects of magnitude = 0.5%, 18 were associ- 
ated with 0.9 < b < 0.9" (Fig. 3B). 

By partitioning background genotypes by 
the presence or absence of specific mutations, 
we could determine whether FCTs were truly 
“global” (i.e., whether they transcended these 
partitions and any corresponding idiosyn- 
cratic interactions; Fig. 3A, middle) or were 
instead fundamentally idiosyncratic (i.e., they 
emerged from regression across partitions 
shifted in Pyjut Versus Pwr Space by sparse 
interactions with specific background loci; 
Fig. 3A, right). When we partitioned FCTs 
by the presence or absence of interacting 
mutations in the background, we found several 
instances in which the idiosyncratic model 
clearly explained the FCT. For example, the 
effect of the G10S mutation in RHOS at 37°C 
exhibited a clear FCT (b = 0.76) (Fig. 3C). 
However, we could partition points by the 
presence of interacting WHI2 and AKL/ alleles 
in the background. Doing so showed that pair- 
wise interactions with these alleles caused sys- 
tematic shifts in @jog Versus Pig Space, with 
each partition assuming a slope near 1. Thus, 
over arange of background fitnesses, an FCT 
in the effect of the G10S emerged from these 
specific idiosyncratic interactions (Fig. 3C 
and fig. S11). In the case of the homozygous 
AKLI S176P mutation in suloctidil, we ob- 
served a similar decomposition of an FCT (b = 
1.29) when partitioning genotypes according 
to the presence of three interacting loci in the 
background (MKTI, RHO5, and WHI2) (Fig. 
3D and fig. S11). However, in other cases, it 
was less clear whether the FCT could be 
partitioned in this way, and because deeper 
partitions tend to reduce background fitness 
variance and limit our confidence in regres- 
sion slopes, a different approach was required 


634 6 MAY 2022 + VOL 376 ISSUE 6593 


to characterize the extent to which idiosyn- 
cratic terms caused FCTs across our data. 

To investigate this, we analyzed the effect of 
removing specific idiosyncratic epistatic terms 
on the overall FCTs. To do so, for each focal 
locus (in each ploidy and environment), we 
first calculated the weighted sum of squared 
errors (SSE) (41) of observed fitnesses from 
the global regression line (SSEp-ejopa1) and 
from a fitted line of slope 1 (SSE,_,, which 
corresponds to no FCT). We then set the 
largest epistatic term to zero and recalcu- 
lated the expected fitness of each resulting 
genotype (assuming that all other terms and 
residuals were nonzero), again obtaining both 
SSEp-gtobal and SSE;j-_;. If the FCT arose from 
a global effect, then we would expect that 
SSEp-gtoba Would be less than SSEp_; even as 
terms were removed. Instead, we found that 
after removing the effect of just a few terms, 
aregression with a fixed slope of b = 1 typically 
fit the data better than the b = global FCT 
slope (with the FCT threshold set to b < 0.9 
or 0.8; Fig. 3E and fig. S11), approaching the 
fit of an unconstrained regression that min- 
imizes SSE (i.e., the final slope approaches 1; 
fig. S10). This indicates that the apparent 
FCT arises from these few idiosyncratic inter- 
actions, even for global slopes very different 
from 1. Although we also documented cases 
in which 6 = global fit the data better than 
b = 1 even after removing many terms, we ex- 
pect that most, if not all, of these instances may 
have been due to measurement error because 
they tended to arise in ploidies and environ- 
ments in which the data were noisier (fig. S17). 

To further evaluate whether idiosyncratic 
interactions between these mutations were 
sufficient to generate FCTs, we performed the 
converse analysis, this time with genotype fit- 
nesses as predicted by our model of additive 
and idiosyncratic epistatic terms. Instead of 
removing the effects of epistatic terms one at 
a time, we first stripped from the model all 
interactions involving the focal locus, yielding 
perfectly linear points of slope 1 when plotting 
mut VETSUS Pwr. We then added interactions 
one-by-one to our fitness prediction, from 
largest to smallest, and examined the resulting 
slopes. As shown in Fig. 3F for the haploid 
PMAI §234C mutation in 4-NQO, adding just 
a few terms associated with three background 
loci recapitulated a strong FCT. Repeating this 
analysis with all our mutations showed that, 
on average, just four idiosyncratic interactions 
(primarily pairwise) were sufficient to recapit- 
ulate the full-model FCTs (a slope within 0.01 
of the global slope; Fig. 3G, orange; see the 
supplementary materials), which is far lower 
than the total number of inferred terms (me- 
dian of 53) but represents on average 89% of 
the potential variance explained that could 
have been added (fig. S12). Thus, although FCTs 
are real and likely have important biological 


consequences, our data demonstrate that ap- 
parent fitness-mediated epistasis can readily 
emerge from very few low-order idiosyncratic 
interactions. 

Because the landscapes that we studied here 
have no natural polarization (i.e., neither allele 
is the assumed WT), we cannot comment di- 
rectly on why earlier studies of global epistasis 
have more commonly found negative than 
positive FCTs (when plotting A@ versus wr). 
However, this distribution of FCT directions is 
important because it may underly the ubiqui- 
tous trend of declining adaptability observed 
across laboratory evolution experiments (29). 
The observed bias toward negative trends may 
arise from asymmetries in the average sign of 
epistatic interactions between mutations away 
from extant high-fitness genotypes relative 
to their reversions, which theory has predicted 
should arise from idiosyncratic interactions 
(19, 20). In addition, choosing polarizations 
at random will lead to more negative than 
positive FCTs across the full parameter space 
(see the extended discussion in the supple- 
mentary materials). 

Regardless of the cause of any asymmetry 
in the direction of FCTs, our results support 
recent theoretical arguments that fitness- 
mediated epistasis can emerge as the generic 
consequence of widespread idiosyncratic 
interactions, rather than reflecting a global 
fitness-mediated coupling of mutations. Indeed, 
at least in our system, FCTs could arise even 
from a relatively small number of low-order 
interactions. We note that landscapes involv- 
ing other types of variation [e.g., within a 
single protein or pathway or along the line of 
descent in a single lineage (27)] may exhibit 
different patterns, although we may expect 
these scenarios to involve an even stronger 
role for idiosyncratic interactions. More gen- 
erally, we emphasize that idiosyncratic epista- 
sis and global fitness-mediated effects are not 
mutually exclusive, and although FCTs can 
be explained by the former in our system, in 
other cases, both effects may contribute. How- 
ever, our results suggest that nonspecific global 
epistasis may not be the primary driver of 
patterns of declining adaptability in laboratory 
evolution experiments, and this has general 
implications for the ways in which epistasis 
constrains evolutionary trajectories. 
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CONSERVATION 


The critically endangered vaquita is not doomed to 
extinction by inbreeding depression 


Jacqueline A. Robinson“, Christopher C. Kyriazis?*+, Sergio F. Nigenda-Morales°, 
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In cases of severe wildlife population decline, a key question is whether recovery efforts will be impeded 
by genetic factors, such as inbreeding depression. Decades of excess mortality from gillnet fishing 
have driven Mexico’s vaquita porpoise (Phocoena sinus) to ~10 remaining individuals. We analyzed 
whole-genome sequences from 20 vaquitas and integrated genomic and demographic information into 
stochastic, individual-based simulations to quantify the species’ recovery potential. Our analysis 
suggests that the vaquita’s historical rarity has resulted in a low burden of segregating deleterious 
variation, reducing the risk of inbreeding depression. Similarly, genome-informed simulations suggest 
that the vaquita can recover if bycatch mortality is immediately halted. This study provides hope 

for vaquitas and other naturally rare endangered species and highlights the utility of genomics in 


predicting extinction risk. 


central question for populations that have 

undergone severe declines is whether 

recovery is possible or whether it may 

be hindered by deleterious genetic fac- 

tors (1). Perhaps the most immediate ge- 
netic threat in populations of very small size 
(<25 individuals) is the deterioration of fitness 
as a result of inbreeding depression (2, 3). 
Thus, predicting the threat of inbreeding 
depression under various genetic and demo- 
graphic conditions is essential for the conser- 
vation of endangered species. 
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The critically endangered vaquita porpoise 
(Phocoena sinus), found only in the northern- 
most Gulf of California, Mexico, has declined 
from ~600 individuals in 1997 to ~10 individ- 
uals at present (4). This precipitous decline 
has been driven by incidental mortality in 
fishing gillnets (bycatch) (4, 5) (Fig. 1A). Efforts 
to reduce the intensity of illegal gillnet fish- 
ing and implement stronger protections for 
vaquitas have not been successful, and vaquitas 
are now considered the most endangered 
marine mammal (4). A recent viability anal- 
ysis found that the vaquita population could 
theoretically rebound if bycatch mortality is 
eliminated (6). However, the degree to which 
genetic factors may prevent a robust recovery 
is unknown, which has led some to argue that 
the species is doomed to extinction from ge- 
netic threats (1, 7, 8). 

Population viability analysis (PVA) has long 
been an important tool for modeling extinc- 
tion risk (9). However, it is often challenging 
to parameterize PVA models for highly en- 
dangered species, where information on the 
potential impact of inbreeding depression is 
limited. Genomic data offer a potential solu- 
tion because they can be used to estimate the 
fundamental genetic and demographic pa- 
rameters that underlie inbreeding depression. 
Although the potential applications of genomics 
in conservation have been widely discussed 
(10, 11), genomics remain underutilized in 
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Fig. 1. Vaquita genome-wide diversity and demographic history. (A) Model 
of vaquita census population size based on previous surveys (5) shows a 
marked recent decline. (B) Bar plots of per-site heterozygosity in 1-Mb genomic 
windows in three individuals (one from each sampling period; see fig. S1 for 
all) show little variability within or between individuals. bp, base pair. (© and 


forecasts of population viability and extinc- 
tion risk. 

To investigate the effect of the vaquita’s 
recent decline and to quantify the species’ re- 
covery potential, we sequenced genomic DNA 
of 19 archival tissue samples to high depth 
[total n = 20 samples, including the genome 
from (12); mean coverage = 60x] (table S1). 
Samples were obtained across three time 
periods: 1985 to 1993, 2004, and 2016 to 2017, 
spanning approximately three vaquita genera- 
tions [assuming a generation time of 11.9 years; 
(13)] and an estimated ~99% decline in popula- 
tion size (Fig. 1A) (5). All 20 vaquita genomes 
contain uniformly low heterozygosity [mean = 
9.04 x 10°°, standard deviation (SD) = 2.44 x 
10-° heterozygotes per site; Fig. 1B and fig. SI], 
consistent with a previous estimate from a 
single individual (12). Additionally, genome- 
wide diversity appears stable over the sampling 
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period (Fig. 1, B and C), as expected given the 
short duration of the decline. 

We also investigated whether vaquita ge- 
nomes show signs of recent inbreeding. We 
found that the mean cumulative fraction of 
vaquita genomes in long (21 Mb) runs of homo- 
zygosity (ROH) is 5.42% (SD = 1.7%), which 
implies a low average inbreeding coefficient 
of Fron = 0.05 (Fig. 1D and fig. S2). Further- 
more, ROH in our sample are relatively short 
(mean length, 1.59 to 3.18 Mb), which suggests 
that they trace to a common ancestor from 
~15 to 31 generations ago (178 to 369 years) 
(5). This result indicates that these ROH are 
a consequence of the vaquita’s historically 
limited population size rather than a conse- 
quence of recent inbreeding. Finally, we found 
limited evidence for close relatives in our 
dataset, aside from two known mother-fetus 
pairs (fig. S3). 
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D) Genome-wide heterozygosity (C) and ROH burden (D) are consistent 
between sampling periods. Lines connect mother-fetus pairs, and open symbols 
indicate offspring. (E) Two-epoch demographic model inferred with Oadi. 
Parameter 95% confidence intervals are indicated in parentheses. k, thousand; 


To better characterize the vaquita’s long- 
term demographic history, we used the dis- 
tribution of allele frequencies to perform 
model-based demographic inference. Overall, 
we found good fit for a two-epoch model in 
which the vaquita effective population size 
(N,) declined from 4485 to 2807 individuals 
~2162 generations ago (~25.7 thousand years 
ago) (5) (Fig. 1E, figs. S4 and S5, and tables $2 
to S4). Thus, vaquitas have persisted at rel- 
atively small population sizes for at least 
tens of thousands of years, which has re- 
sulted in uniformly low genome-wide diver- 
sity that is among the lowest documented 
in any species to date (12). Here, we use the 
phrase “long-term small population size” to 
mean JN, on the order of a few thousand 
individuals over thousands of generations, 
as opposed to NV. < 100, as in some other con- 
texts (14, 15). 
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minimally affected by the vaquita’s recent 
population decline and is instead attributable 
to its historical population size (fig. S9) (5). Sim- 
ilar trends exist for homozygous deleterious 
mutations, which include variants that may 
be fixed in the species (fig. S8). Thus, elevated 
ratios of deleterious-to-neutral variation among 
polymorphisms (heterozygotes) and substi- 
tutions (homozygotes) in vaquitas are consistent 
with an accumulation of weakly deleterious 
alleles under long-term small population size. 
However, despite this elevated burden of 
weakly deleterious variants, the remaining 
vaquita individuals appear healthy and are 
actively reproducing (17, 18), which suggests 
that the species’ fitness has not been severely 
compromised. 

A larger concern for vaquita recovery is fu- 
ture fitness declines resulting from inbreeding 
depression given the inevitability of inbreeding 
in any recovery scenario. However, the risk of 
inbreeding depression (inbreeding load) is 
predicted to be reduced in species with long- 
term small population size because (i) increased 
homozygosity exposes recessive strongly dele- 
terious alleles to selection more frequently 
and (ii) drift decreases the absolute number 
of segregating recessive deleterious variants 
(19, 20). To assess the potential for future 
inbreeding depression in vaquitas relative to 
other cetaceans, we quantified the total number 
of heterozygous deleterious alleles per genome, 
which reflect alleles that could contribute to 
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Genome-wide heterozygosity Genome-wide heterozygosity 


Fig. 2. Deleterious variation in vaquitas and other cetaceans. (A and B) Ratios of deleterious 
nonsynonymous (A) and LOF (B) heterozygotes to synonymous heterozygotes are significantly negatively 
correlated with genome-wide heterozygosity (per base pair, log-scaled). (© and D) Total numbers of 
deleterious nonsynonymous (C) and LOF (D) heterozygotes per genome are significantly positively correlated 
with genome-wide heterozygosity (per base pair). Gray lines show phylogeny-corrected regressions 
[excluding the Indo-Pacific finless porpoise (5)]. 
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Fig. 3. Model schematic and extinction rates under various simulation parameters. (A) Diagram of 
events that occur during 1 year in our SLIM simulation model. (B) Percent of replicates going extinct over the 
next 50 years under varying recovery parameters. Shading indicates extinction rates when only neutral 
mutations are simulated, and N values represent the threshold population sizes. 
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Fig. 4. Simulation trajectories under various recovery scenarios. (A) Sim- 
ulation trajectories under empirically inferred historical demographic parame- 
ters assuming a reduction in bycatch mortality of 100%. (B) Simulation 
trajectories with bycatch mortality rate decreased by only 90%. (€) Simulation 


inbreeding depression when made homozy- 
gous through inbreeding. We found that the 
total number of heterozygous putatively dele- 
terious alleles per genome is positively corre- 
lated with genome-wide diversity (PGLS Dae = 
5.57 x 10°, prog = 1.91 x 10°) (Fig. 2, Cand D). 
Among all cetaceans in our study, vaquitas 
harbor the fewest deleterious heterozygotes 
per genome. Compared with the orca, vaquitas 
have 0.33x and 0.36x the number of deleterious 
and LOF heterozygotes, respectively. Similar 
trends are evident in all mutation classes, in- 
cluding conserved noncoding regions (fig. S10). 
Thus, although vaquitas have an elevated pro- 
portion of deleterious relative to neutral variants 
(Fig. 2, A and B, and fig. S8), they nevertheless 
have a low absolute number of segregating 
deleterious variants (Fig. 2, C and D), which 
implies a low inbreeding load. 

To model potential recovery scenarios for 
the vaquita, we combined our genomic results 
with information about vaquita life history to 
parameterize stochastic, individual-based sim- 
ulations using SLiM3 (5, 27) (Fig. 3A and fig. 


S11). These simulations were designed to model 
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90% reduction in bycatch mortality rates 
(2B=0.95; 27% extinct) 
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vaquita protein-coding regions, incorporating 
neutral mutations and (partially) recessive 
deleterious mutations, the latter of which are 
thought to underlie inbreeding depression 
(3, 22). We used our genomic dataset to esti- 
mate a vaquita mutation rate (fig. S12) as well 
as a distribution of selection coefficients for new 
mutations (fig. S13) and assumed an inverse 
relationship between dominance and selec- 
tion coefficients (5). Notably, our model allows 
for deleterious mutations to drift to fixation 
and affect fitness (figs. S14 to S16) (5). We used 
our demographic model (Fig. 1E) to simulate 
the historical vaquita population (figs. S17 
and S18) and then initiated a bottleneck by 
introducing stochastic bycatch mortality at a 
rate calibrated to the empirical rate of recent 
decline as of 2018 (Fig. 1A and fig. S19) (5). 
Finally, we allowed for recovery by reducing 
the bycatch mortality rate after the popula- 
tion reached a threshold population size of 
10 or fewer individuals, on the basis of the 
current estimated population size. 

We first used this model to examine the 
impact of varying levels of bycatch mortality 
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trajectories with historical population size increased by 20x and assuming a 
decrease in bycatch mortality of 90%. For all simulations shown here, we 
assumed a population size threshold of 10 individuals. Replicates that went 
extinct are colored red, and replicates that persisted are colored blue. 


on extinction risk over the next 50 years. We 
estimate a high probability of recovery if 
bycatch mortality ceases entirely, with only 6% 
of simulation replicates going extinct (Fig. 3B 
and Fig. 4A). Additionally, simulated populations 
that persist exhibit substantial growth, with a 
mean population size in 2070 of 298.7 indi- 
viduals (SD = 218.2; Fig. 4A). However, if 
bycatch mortality rates are decreased by just 
90%, extinction rates increase to 27% (Fig. 3B 
and Fig. 4B), with more-limited recovery in 
population sizes (mean of 49.2 individuals in 
2070, SD = 34.4; Fig. 4B). Finally, if bycatch 
mortality rates are decreased by just 80%, ex- 
tinction occurs in 62% of simulation replicates. 
Thus, recovery potential critically depends on 
reducing bycatch mortality rates, with even 
moderate levels of bycatch resulting in a high 
likelihood of extinction. 

Next, we examined the importance of the 
threshold population size, given uncertainty 
in the 2018 estimate of 10 individuals (4). As 
expected, extinction rates decrease when 
assuming a threshold population size of 
20 and increase when assuming a threshold 
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population size of five (Fig. 3B). These results 
emphasize that the number of remaining 
vaquita individuals is also a critical factor 
underlying extinction risk. 

To quantify the inbreeding load in our mod- 
el, we estimated the number of diploid lethal 
equivalents (2B), which characterizes the rate 
at which fitness is lost with increasing levels 
of inbreeding (2, 23). Typically, inbreeding load 
is quantified by comparing estimates of indi- 
vidual fitness and inbreeding in natural popu- 
lations (2, 24); however, such data do not exist 
for most species, including the vaquita. Under 
our simulation parameters, we estimate an 
inbreeding load of 2B = 0.95 in vaquitas (table 
S6), which is substantially lower than the 
median empirical estimate for mammals of 
3.1 (24), likely because of the vaquita’s rela- 
tively small historical NV... Nevertheless, simu- 
lations that exclude deleterious mutations 
result in a substantially lower extinction rate 
(Fig. 3B), which confirms that inbreeding 
depression affects recovery potential in our 
model. 

To further explore how the inbreeding load 
in our model depends on historical demogra- 
phy, we ran simulations with the historical 
N, increased by 20x. We found an increased 
extinction rate of 52%, compared with 27% 
with our empirical population size param- 
eters, with minimal recovery for replicates 
that persisted (mean of 16.2 individuals in 
2070, SD = 14.5; Fig. 4C). Additionally, with 
this larger historical V., we observe a greatly 
increased inbreeding load of 2B = 3.32 (fig. 
$20 and table S6). These findings further 
demonstrate the importance of the vaquita’s 
natural rarity as a factor underlying their low 
inbreeding load and increased potential for 
recovery. 

Given the uncertainty in many of our model 
parameters, we conducted sensitivity analyses 
varying the calving interval, mutation rate, 
distribution of dominance and selection co- 
efficients, and target size for deleterious muta- 
tions (5). Although these factors influence 
extinction probabilities, recovery remains the 
likely outcome (>50% probability) in nearly all 
cases when assuming a threshold population 
size of 10 and a 90% reduction of bycatch 
mortality (fig. S21 and table S6). Two notable 
exceptions to this are for models with a higher 
mutation rate, where we observed a 55% ex- 
tinction rate compared with 27% in our base 
model, and for models with a decreased calving 
interval, where we also observed a 55% extinc- 
tion rate (fig. S21 and table S6). Thus, although 
uncertainty exists in our projections, the overall 
conclusion that recovery is possible if bycatch is 
greatly reduced remains robust to our model 
assumptions. Finally, we note that our simu- 
lations do not consider factors such as reduced 
adaptive potential or increased susceptibility 
to disease caused by low genetic variability, 
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which may affect future persistence. Vaquitas 
have survived with low diversity for tens of 
thousands of years and have endured environ- 
mental changes in the past (72), which suggests 
that these factors alone do not doom the spe- 
cies to extinction. Conceivably, low diversity in 
the vaquita may limit the species’ capacity to 
adapt to increasing global change over the long 
term, but this risk is challenging to quantify 
and should not preclude recovery efforts in the 
short term. 

Our results suggest that there is a high 
potential for vaquita recovery in the absence 
of gillnet mortality, refuting the view that the 
species is doomed to extinction by genetic 
factors. Our approach leverages genomic data 
and methodology to forecast population via- 
bility and extinction risk, which enables a more 
nuanced assessment of the threat of genetic 
factors to persistence. The key aspect of the 
vaquita that our analysis reveals is that its 
historical population size was large enough to 
prevent the fixation of all but weakly deleteri- 
ous alleles and small enough to reduce the 
inbreeding load from recessive, strongly dele- 
terious mutations. Numerous other examples 
of species rebounding from bottlenecks of a 
similar magnitude to that of the vaquita have 
been documented (7). For example, many par- 
allels exist between the vaquita and Channel 
Island foxes, which similarly have exceptionally 
low genetic diversity, yet were able to rebound 
from severe recent bottlenecks without ap- 
parent signs of inbreeding depression (25). 
Together, these examples challenge the as- 
sumption that populations that have expe- 
rienced catastrophic declines are genetically 
doomed and provide hope for the recovery 
of endangered species that are naturally 
rare. Finally, our analysis demonstrates the 
potential for genomics-informed population 
viability modeling, which may have wide- 
spread applications given the increasing 
feasibility of genomic sequencing for non- 
model species amid a worsening extinction 
crisis (26). 
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A dynamic saline groundwater system mapped 
beneath an Antarctic ice stream 


Chloe D. Gustafson'2*, Kerry Key’, Matthew R. Siegfried’, J. Paul Winberry*, Helen A. Fricker’, 
Ryan A. Venturelli®, Alexander B. Michaud® 


Antarctica’s fast-flowing ice streams drain the ice sheet, with their velocity modulated by subglacial 
water systems. Current knowledge of these water systems is limited to the shallow portions near the ice- 
bed interface, but hypothesized deeper groundwater could also influence ice streaming. Here, we use 
magnetotelluric and passive seismic data from Whillans Ice Stream, West Antarctica, to provide the first 
observations of deep sub-ice stream groundwater. Our data reveal a volume of groundwater within a 
>1-kilometer-thick sedimentary basin that is more than an order of magnitude larger than the known 
subglacial system. A vertical salinity gradient indicates exchange between paleo seawater at depth and 
contemporary basal meltwater above. Our results provide new constraints for subglacial water systems 


that affect ice streaming and subglacial biogeochemical processes. 


he ice flux from the Antarctic Ice Sheet’s 
interior to its margins is largely governed 
by the behavior of fast-flowing ice streams 
[e.g., (1)], where the availability of sub- 
glacial water plays a fundamental role in 
regulating ice flow (2). Given the inaccessibility 
of the Antarctic substrate, physical constraints 
on the sub-ice stream water systems are based 
on a few geophysical (i.e., active seismic, radar 
sounding) surveys [e.g., (3, #)] and subglacial 
drilling efforts [e.g., (5)]. These observations 


revealed a “shallow” sub-ice stream hydro- 
logic system, which we define here as water 
at the ice-bed interface (in the form of films, 
channels, and lakes) and water within a rela- 
tively thin (<10 m) deformable layer of unsorted 
sediments, generally considered glacial till 
(5). Below these shallow hydrologic systems, 
Antarctic ice streams are expected to be under- 
lain by sedimentary basins hundreds to thou- 
sands of meters thick that have the capacity to 
host substantial groundwater (6), constituting 
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“deep” subglacial hydrologic systems, which we 
define here as groundwater below the glacial 
till. These deep groundwater systems have the 
potential to provide water to or remove water 
from the ice base and, therefore, may play a role 
in modulating ice flow (6). However, current 
Antarctic subglacial water models only con- 
sider the shallow hydrologic systems, partly 
because the geophysical tools typically used 
to map deep sub-ice stream sediments (i.e., 
active and passive seismics, gravity, and mag- 
netics) (7-9) do not provide constraints on deep 
groundwater properties or connectivity between 
the shallow and deep hydrologic systems. Here, 
we use magnetotelluric (MT) (10) and passive 
seismic data (I, 12) to provide the first in situ 
measurements of a deep groundwater system 
within a >1-km-thick sedimentary basin beneath 
the West Antarctic Ice Sheet. We infer that this 
basin contains more than an order of magni- 
tude more water than the shallow hydrologic 
systems typically considered in subglacial water 
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Fig. 1. Regional map of passive seismic and MT surveys on Whillans 

Ice Stream, West Antarctica. (A) WIS ice velocity (44) plotted over a satellite 
image mosaic (45) with active subglacial lakes (20) and predicted basal 

water flow paths (42) that deliver water across the modern grounding line (GL) 
(46). The estimated most-landward grounding line position after the Last 
Glacial Maximum (34) is shown in cyan (minimum GL, labeled as “min. GL"). 
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Colored circles indicate passive seismic receiver locations and corresponding 
sediment thickness estimates. (B and C) MT stations at (B) SLW and (C) 
WGZ are aligned with previous active-source seismic profiles (21, 22) and 
sites of direct subglacial drilling access (23, 24). Colored triangles indicate 
sediment thickness estimates (24). 2D inversion results of MT stations K to 
K' and L to L’ are shown in Fig. 2. 
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models (23). The groundwater salinity increases 
with depth, indicating that the deep and shallow 
subglacial water systems are hydrologically con- 
nected and that Antarctic groundwater may 
influence ice stream behavior and subglacial 
biogeochemical processes. 

Previous studies have recognized the potential 
presence of groundwater beneath Antarctic 
ice streams [e.g., (6)]; however, its detection 
has been challenging. Electromagnetic (EM) 
methods, which are frequently used for ter- 
restrial groundwater studies (74), are also a 
feasible technique for detecting deep subglacial 
groundwater (/5). Variations in resistivity 
can be exploited to delineate high-resistivity 
glacier ice (~4 x 10* to 1 x 10° ohm-m) from 
low-resistivity sediments (~1 to 100 ohm-m) 
and moderately resistive bedrock (~100 to 
1000 ohm-m) (15). Furthermore, resistivity 
variations within groundwater-bearing sedi- 
ments can provide constraints on water proper- 
ties because saltier porewater yields a bulk 
resistivity that is an order of magnitude lower 
than that of freshwater (15). Recent surveys in 
the McMurdo Dry Valleys have demonstrated 


Fig. 2. Resistivity models and A SLW 


the effectiveness of high-frequency airborne 
EM soundings for mapping groundwater 
within the top few hundred meters of sub- 
glacial environments [e.g., (J6)] but under 
only <350 m of ice. Sensing deeper groundwater 
within sedimentary basins below thicker ice 
requires ground-based EM methods, such as 
MT (15), a passive EM method that uses natural 
low-frequency EM fields to image subsurface 
resistivity at depths spanning from the shallow 
crust to the upper mantle. MT methods have 
been widely applied in continental and oceanic 
settings for constraining subsurface fluid and 
lithologic distributions (17) yet, in Antarctica, 
have only been used to examine the deep crust 
and lithosphere (18). 

We collected MT data (fig. S1) on the down- 
stream outlet of Whillans Ice Stream (WIS), 
located along Siple Coast (which we use here 
to collectively describe the Gould, Siple, and 
Shirase coasts) of West Antarctica (Fig. 1A), to 
investigate deep groundwater within a sed- 
imentary basin under ~800 m of ice. Numerical 
simulations have estimated that groundwater 
considerably contributes to Siple Coast ice 


streaming, but this modeling only included 
shallow water volumes and fluxes within the 
till because there were no observations of 
deep groundwater to constrain their modeling 
(19). Our MT surveys focused on two hydro- 
logically connected regions that are part of a 
dynamic subglacial water system (20): Whillans 
Subglacial Lake (SLW) (Fig. 1B) and its hypo- 
thesized downstream outlet to the ocean, 
Whillans Grounding Zone (WGZ) (Fig. 1C). We 
supplemented our focused MT surveys with a 
passive seismic survey that was sparser but 
sampled a wider region, extending across WIS 
(colored circles in Fig. 1A). At both MT survey 
locations, the shallow hydrology has been con- 
strained by geophysical surveying (4, 21, 22) 
and direct subglacial sampling (23, 24). Although 
these studies did not image or sample the deeper 
groundwater, porewater samples from a shallow 
(0.38 m) sediment core below SLW showed an 
increasing contribution of seawater-sourced 
Cl, indicating a deeper reservoir of seawater 
(25). The active-source seismic studies (pink 
lines in Fig. 1, B and C) also revealed that each 
location is underlain by a substantial thickness 


inferred groundwater salinity. K 
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Fig. 3. Conceptual models of WIS groundwater and water routing. (A to C) Thick sediments that contain groundwater that increases in salinity with depth at both 
(A) SLW and (B) WGZ are persistent throughout (C) WIS. We attribute the vertical salinity gradient to paleo seawater mixing with contemporary basal meltwater. Low-salinity 
groundwater in sub-ocean cavity sediments (Fig. 2D) indicates that groundwater flows laterally across the grounding line and enters the ocean as SGD. 


of stratified sediments (>100 m) (22, 26) but 
were not able to conclusively map depth to 
bedrock (i.e., total sediment thickness) or con- 
strain the deep hydrology. 

We determined sediment thickness beneath 
WIS using passive seismic and MT observa- 
tions. Our regional passive seismic sediment 
thickness estimates obtained by receiver func- 
tion analysis (27) (figs. S2 and S3) range from 
0.6 to 1.3 km (+ 0.2 km) (Fig. 1A), which are 
consistent with MT-derived sediment thick- 
ness estimates that we calculated using one- 
dimensional (1D) Bayesian inversion methods 
(27) (fig. S4) at SLW (0.5 to 1.2 km + 0.1 km; 
Fig. 1B) and at WGZ (0.9 to 1.9 km + 0.1 km; 
Fig. 1C). These estimates are in overall agree- 
ment with those derived from airborne survey- 
ing [e.g., (7)] and ground-based gravity surveying 
(28). The Bayesian sediment thickness esti- 
mates are also compatible with the structure 
of the 2D resistivity models that we obtained 
using regularized inversion for linear profiles of 
MT stations (27), which revealed a low-resistivity 
layer consistent with water-saturated sediments 
overlying a more resistive layer consistent with 
bedrock (Fig. 2, A and B, and figs. S5 and S6). 
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Information about groundwater contained 
within the sediments comes from examining 
resistivity within the sediment layer in our 2D 
models (blue shading above the white line in 
Fig. 2, A and B). We used the empirical Archie’s 
law to convert resistivity to groundwater salin- 
ity for vertical profiles in our model that are 
colocated with past subglacial drilling sites 
at SLW (Fig. 2C) and WGZ (Fig. 2D) (24). We 
assumed a range of Archie’s exponents that 
are appropriate for sedimentary rocks (m = 1.5 
to 2.5), a sediment compaction model consistent 
for porosity observations from the Ross Sea (29), 
and a 50°C/km temperature gradient consis- 
tent with heat-flux observations from WIS (30). 
Salinity at the top of the sediment column 
is brackish (defined here as 0.1 to 30 on the 
unitless practical salinity scale) for both SLW 
(2 to 5) and WGZ (5 to 13). At SLW, this range 
corresponds well with direct porewater salinity 
measurements [green star in Fig. 2C, and (25)]. 
At WGZ, we constrain our model to include a 
seawater layer (24) that matches observed 
seawater conductivity [green star in Fig. 2D 
and (24)]. Groundwater salinity increases 
with depth, to 700 m at SLW and 400 m at 


WGZ, with the upper bounds at both locations 
reaching values >30, that is, close to that of 
seawater (~35). At both locations, the salin- 
ity appears to decrease below these depths. 
However, because MT data cannot resolve a 
sharp increase in resistivity that would result 
from low-resistivity salty groundwater in direct 
contact with high-resistivity bedrock (14), we 
propose that the saltiest groundwater is located 
at the bottom of the sediment column (Fig. 3, 
A and B) and the apparent freshening is a re- 
sult of smoothing in our regularized inversion. 

Given the similarity in groundwater salinity 
and general resistivity structure between SLW 
and WGZ, we infer that the thick sediments 
sampled by our passive seismic stations are 
also saturated with groundwater that increases 
in salinity with depth (Fig. 3C). If we were to 
extract this water from the sediments, the 
water column’s equivalent thickness would 
range from 220 to 820 m, assuming the same 
porosity model from our Archie’s law calcu- 
lations integrated over the thickness of the 
sediments estimated from MT and passive 
seismic data (0.4 to 1.9 km) (27). This demon- 
strates that the volume of deep groundwater is 
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at least an order of magnitude greater than 
the water in shallow sub-ice stream hydro- 
logic systems [~2 to 15 m for Siple Coast ice 
stream subglacial lakes (37, 32) and ~3-m 
equivalent water depth for the till (73)]. 

The upward freshening of groundwater 
provides information about the glacial and 
hydrologic processes that led to the devel- 
opment of the groundwater system, as well 
as the extent of the system. We propose that 
the salty porewater within the deepest sedi- 
ments is of marine origin, which is consistent 
with geochemistry from the shallow subglacial 
system at SLW (25). The most recent marine 
incursion at WIS occurred in the mid-Holocene 
(33) following the Last Glacial Maximum de- 
glaciation, when the grounding line retreated 
inland of its modern position, upstream of 
SLW (34) (cyan line in Figs. 1A and 4). We 
propose that this resulted in seawater rapidly 
convecting downward to the base of the pre- 
existing sediments [fig. S7 and (27, 35)] beneath 
WIS and other Siple Coast ice streams (cyan 
hatching in Fig. 4) that experienced the same 
marine incursion (33, 34). Some deep salty 
water may also be left over from when the 
sediments were initially deposited under open- 
ocean conditions when West Antarctica was 
ice free (36); this older water possibly extends 
upstream to the onset of ice streaming (blue 
hatching in Fig. 4). The emplacement of lower 
salinity water that we observe at the top of the 
sediments was driven by subsequent ground- 
ing line readvance and ice sheet regrowth, 
which forced fresh basal meltwater into the 
sediments through ice-sediment hydrome- 
chanical feedbacks [e.g., (37)]. 

Infiltration of basal meltwater into the top 
few hundred meters of sediments demon- 
strates that the deep and shallow sub-ice 
stream hydrologic systems are physically con- 
nected. This connection has been suggested 
theoretically using hydromechanical models 
of paleo (37) and extant (38) ice sheets but has 
not previously been proven through observa- 
tions in Antarctica. Although our observed 
salinity gradients are only indicative of shal- 
low subglacial water infiltrating into the deep 
hydrologic environment, deep groundwater can 
also ascend into the shallow system. Because 
ice thickening promotes water flow into the 
sediments and ice thinning allows for water to 
exfiltrate from the sediments and enter the 
shallow hydrologic environment (37), the di- 
rection of water flow and the spatiotemporal 
scales over which flow occurs is dynamically 
coupled to ice behavior. 

The confirmation of the existence of deep 
groundwater dynamics has transformed our 
understanding of ice stream behavior and will 
force modification of subglacial water models. 
A connection between the deep and shallow 
subglacial water systems suggests that upward 
groundwater flow is another potential source 
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of water and heat (38), which can enhance 
basal melting at the ice base. Conversely, 
downward groundwater flow removes both 
water and heat from the ice base (38), promoting 
freezing conditions that slow ice flow. The role 
of groundwater flow may be further complicated 
by the transport of solutes between the deep and 
shallow hydrologic systems, which can modify 
the in situ basal melting point. Given the large 
groundwater volume that we observe, we 
propose that future Antarctic sub-ice stream 
water models incorporate both deep and shal- 
low water systems to determine the importance 
of groundwater to ice stream dynamics. 

The presence and flow of deep groundwater 
also has implications for subglacial ecosystems 
and biogeochemical cycles. Our observations 
of deep paleo seawater suggest that Siple Coast 
sedimentary basins are marine in origin, and 
biogeochemical cycles common to deeply buried 
marine sediments (i.e., methanogenesis) are 
likely operating and may be responsible for 
carbon transformation at depth (39, 40). Up- 
ward groundwater fluxes may transport the 
products produced by microbial communities 
(e.g., dissolved organic or inorganic carbon) 
to the shallow subglacial systems, where it 
fuels subglacial ecosystems (23, 41) and can 
be rapidly transported to the ocean via the 


Min. grounding line 


Modern grounding line 


shallow hydrologic system (42). Deep lateral 
groundwater flow can also transport this other- 
wise sequestered carbon directly to the ocean 
via submarine groundwater discharge (SGD) 
[e.g., (43)]; the low salinity estimated for the 
sediment groundwater directly beneath the 
ocean cavity at WGZ (Fig. 2D) suggests that 
SGD may be occurring [Fig. 3C and (27)]. Thus, 
deep groundwater reservoirs beneath ice 
streams not only contain saline water indica- 
tive of past marine incursions but also likely 
contain the marine microorganisms and car- 
bon that accumulated when the marine sedi- 
ments were deposited. Groundwater flow can 
facilitate the mobilization of sequestered car- 
bon to the ice base and oceans during times of 
enhanced groundwater exfiltration, thereby 
increasing Antarctica’s contribution of carbon 
to the ocean. The introduction of water into 
sub-ice shelf cavities via SGD may also affect 
ocean circulation and dynamics. 

For the past several decades, our under- 
standing of Antarctic sub-ice stream water 
and its relationship to ice behavior has focused 
on exchange and transport in the shallow 
hydrologic environment, whereas the pres- 
ence and role of deeper groundwater have 
remained largely unexplored because of the 
lack of observations. Our MT data provide 
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Fig. 4. Potential extent of sub-ice stream deep groundwater systems underlying the Siple Coast. We 
hypothesize that deep groundwater systems are present within the sedimentary basins underlying Mercer Ice 
Stream (MIS), WIS, Kamb Ice Stream (KIS), Bindschadler Ice Stream (BIS), and MacAyeal Ice Stream 
(MaclS). We infer an increase in groundwater salinity with depth (cyan hatching) that possibly extends 
upstream to the onset of ice streaming (blue hatching). 
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unequivocal evidence and new constraints for 
groundwater in a >1-km-thick sedimentary 
basin. The inferred salinity gradient shows that 
groundwater represents an active component of 
the sub-ice stream hydrologic system, redis- 
tributing water, heat, solutes, and carbon below 
WIS. We expect that similar groundwater sys- 
tems exist within other marine sedimentary 
basins that underlie Antarctic ice streams, 
particularly those that have experienced sim- 
ilar episodes of grounding line retreat and 
readvance, such as in the Siple Coast and Weddell 
Sea sector (34). Understanding the influence 
of this groundwater on ice sheet behavior will 
require its integration into the next generation 
of ice sheet models. 
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ECOTOXICOLOGY 


Conversion of oxybenzone sunscreen to phototoxic 
glucoside conjugates by sea anemones and corals 


Djordje Vuckovic?, Amanda I. Tinoco“, Lorraine Ling”, Christian Renicke?, 


John R. Pringle”, William A. Mitch'* 


The reported toxicity of oxybenzone-based sunscreens to corals has raised concerns about the impacts 
of ecotourist-shed sunscreens on corals already weakened by global stressors. However, oxybenzone’s 
toxicity mechanism(s) are not understood, hampering development of safer sunscreens. We found that 
oxybenzone caused high mortality of a sea anemone under simulated sunlight including ultraviolet 
(UV) radiation (290 to 370 nanometers). Although oxybenzone itself protected against UV-induced 
photo-oxidation, both the anemone and a mushroom coral formed oxybenzone-glucoside conjugates 
that were strong photo-oxidants. Algal symbionts sequestered these conjugates, and mortality 
correlated with conjugate concentrations in animal cytoplasm. Higher mortality in anemones that lacked 
symbionts suggests an enhanced risk from oxybenzone to corals bleached by rising temperatures. 
Because many commercial sunscreens contain structurally related chemicals, understanding metabolite 
phototoxicity should facilitate the development of coral-safe products. 


ost of the world’s coral reefs are en- 
dangered (J, 2). Although much of the 
threat is due to global factors, includ- 
ing increasing sea temperatures (3), 
coral declines can be exacerbated by 
local, anthropogenic factors. Much recent con- 
cern has focused on oxybenzone, a common 
sunscreen ingredient. For example, research in 
the US Virgin Islands found no substantial set- 
tlement of coral larvae, survival of juvenile 


corals, or regeneration of adult tissue in in- 
duced lesions over a 5-year period in Trunk Bay, 
where high levels of recreational swimming 
resulted in up to 1.4 mg of oxybenzone per 
liter of seawater (4). Meanwhile, a thriving 
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coral community was found at neighboring 
Caneel Bay, with lower recreational use but 
presumably the same impacts from global 
stressors. Exacerbation of coral declines by 
sunscreens washed off tourists would be ironic 
and particularly pernicious, given the promo- 
tion of ecotourism in the interest of protecting 
coral reefs. 

Although previous research has indicated 
that oxybenzone is an endocrine disruptor 
(5, 6), studies using corals and zebrafish have 
suggested that it might also be phototoxic 
(4, 7). However, the mechanism(s) of photo- 
toxicity have not been explained. Here, we 
demonstrate that oxybenzone is indeed a sun- 
screen in vitro but is metabolized into photo- 
toxic glucoside conjugates in the sea anemone 
Aiptasia and the mushroom coral Discosoma 
sp. (see materials and methods and fig. S1). We 
also show that Azptasia without algal symbionts 
accumulate more glucoside metabolites in their 
tissues and die faster than animals with algae, 
suggesting that the algae protect the hosts by 
sequestering the phototoxins. Thus, oxybenzone 
may be particularly phototoxic to bleached 
corals, exacerbating the damage due to global 
stressors. With recent moves by regulatory 
authorities in Hawaii and elsewhere to ban 
oxybenzone, understanding the mechanism(s) 
of its phototoxicity is important to ensure that 
the sunscreen components that are selected as 
alternatives are truly safer for corals. 

For most experiments, we used Aiptasia, a 
well-established model system for the study of 
symbiotic anthozoan cnidarians such as corals 
(see materials and methods and table S1). 
We exposed symbiotic anemones to 8.8 uM 
(2 mg/liter) oxybenzone in artificial seawater 
(ASW) at 27°C in a solar simulator that ap- 
proximates the 24-hour diurnal sunlight cycle 
(see materials and methods and fig. $2), in- 
cluding ultraviolet (UV) wavelengths of 290 
to 370 nm (Fig. 1A). Mortality was 100% within 
17 days (Fig. 1B and table S2). By contrast, 
negligible mortality was observed over 21 days 
when the animals were exposed to simulated 
sunlight without oxybenzone or to 8.8 uM 
oxybenzone without UV light (Fig. 1B). 

The importance of 290- to 370-nm light for 
oxybenzone-induced phototoxicity was surpris- 
ing, given that oxybenzone’s strong absorp- 
tion within this waveband (Fig. 2, A and B) is 
precisely why it is expected to protect sun- 
screen users from UV damage. Phototoxicity 
frequently involves the photoexcitation of 
sensitizing molecules to excited triplet states 
that then degrade biomolecules either directly 
or indirectly via reactive oxygen species (ROS) 
and/or reactive halogen species (RHS) (8). 
To test this possibility, we conducted in vitro 
experiments in a solution that contained sea- 
water levels of halides using allyl-thiourea and 
sorbic alcohol as probes for photosensitization 
by oxybenzone (Fig. 2C), because their reduced 
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sulfur and alkene groups are reactive with 
excited-state triplets, ROS, and RHS (8, 9). 
Consistent with oxybenzone’s intended role as 
a sunscreen and with previous research indicat- 
ing that it does not produce ROS upon sunlight 
illumination in vitro (J0), oxybenzone decreased 
the first-order photodegradation rate of allyl- 
thiourea by ~40% (Fig. 2D, none versus 1; P = 
0.006; fig. S3; and table $3); similar results 
were observed with sorbic alcohol (fig. S4). 

Because oxybenzone is similar in structure 
to the strong photosensitizer benzophenone 
(BP) (Fig. 2A, 1 and 6) (17), we hypothesized 
that Aiptasia (and also corals) might metabolize 
oxybenzone to one or more photosensitizers. 
Previous studies of oxybenzone metabolites in 
corals only analyzed for 2,4-dihydroxybenzo- 
phenone and 2,2’-dihydroxy-4-methoxybenzo- 
phenone and either observed them at very low 
(~0.04 nmol/g wet weight) concentrations (12) 
or did not observe them at all (13). However, 
our analysis of Aiptasia tissue (see mate- 
rials and methods) after exposure to 8.8 uM 
oxybenzone for 18 hours found that these 
compounds accounted for <2% of total metab- 
olite mass. We instead recovered 1780 nmol/g dry 
weight (~220 nmol/g wet weight) of oxybenzone- 
glucoside (Fig. 2A, 4) and higher-order con- 
jugates of oxybenzone (Fig. 3, A and B; figs. S5 
to S7; and table S3). 


No Box 
>290 nm (+UV) 


Acrylic Box 
>370 nm (-UV) 


Glucoside conjugates of oxybenzone were 
reported previously only in plants and suggested 
to be a pathway for oxybenzone detoxification 
(14). Here, however, whereas oxybenzone pro- 
tected allyl-thiourea from photodegradation 
in vitro (Fig. 2D), its glucoside metabolite 
increased the photodegradation rate by ~5.6- 
fold (Fig. 2D, none versus 4; P < 0.001). This 
photodegradation occurred only during illu- 
mination with the 290- to 370-nm waveband 
(fig. S3B), which corresponds to the glucoside’s 
absorption spectrum (Fig. 2B). The glucoside’s 
concentration did not change during the reac- 
tion (fig. S3C), indicating that it generates reac- 
tive species photocatalytically. We also observed 
enhanced allyl-thiourea photodegradation 
when the hydroxyl group that is adjacent to 
the carbonyl was deprotonated at pH 11 or 
replaced by a methoxy group [(MeO).BP] [2 
(P < 0.0001) and 3 (P < 0.001) in Fig. 2, Aand 
D]; similar results were observed when sorbic 
alcohol was used as a probe (fig. S4). These 
results agree with previous ab initio calcu- 
lations (15) and pump-probe spectroscopy 
(16) results indicating the importance of the 
hydroxyl group for sunscreen activity; trans- 
fer of the proton from the hydroxyl group to 
the photoexcited triplet carbonyl promotes its 
relaxation to the ground state, which should 
prevent damage to biomolecules. 
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Fig. 1. Phototoxicity of oxybenzone to Aiptasia under simulated sunlight. (A) Solar simulator setup. An 
acrylic box (left) blocks UV light of wavelength <370 nm (right). (B) Survival of symbiotic Aiptasia in ASW 
exposed to full-spectrum light without oxybenzone (-oxy+UV; n = 28 animals in total) or to 8.8 uM 
oxybenzone either with full-spectrum light (+oxy+UV; n = 28 animals) or with light >370 nm (+oxy-UV; n = 16 
animals). Animals were exposed in three independent trials; means + SEM (weighted for the number of 
animals in each trial) are shown. Photographs show an example from each group after 9 days. 
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The high concentration of oxybenzone- 
glucoside and other presumably photosensitiz- 
ing metabolites in Aiptasia co-occurred with 
oxybenzone itself (Fig. 3B, whole animal, oxy). 
It was not possible to determine the photo- 
toxicities of the metabolites directly by intro- 
ducing them into Aiptasia through the water 
column because of their low lipophilicity 
(octanol-water partition coefficient log K,,, = 
1.1 for oxybenzone-glucoside versus 3.6 for 
oxybenzone). Thus, we treated Aiptasia with 
(MeO).BP, which provides photosensitization 
comparable to that of oxybenzone-glucoside 
(Fig. 2D, 3 versus 4; P = 0.35) but readily 
partitions into Aiptasia from the water column 
dog Koy = 3.3). Exposure to 8.3 1M (MeO).BP 
caused little to no mortality in the absence of 
290- to 370-nm illumination [Fig. 3C; compare 
with the absorption spectrum of (MeO).BP, Fig. 
2B]. However, under full-spectrum light, 8.3 uM 
(MeO),.-BP caused rapid mortality, and even 
0.83 uM (MeO),-BP caused mortality at a rate 
threefold faster than 8.8 uM oxybenzone (Fig. 
3C; P=1x 10). 

Despite the greater lethality of (MeO).BP, 
Aiptasia exposed to this molecule at 0.83 uM 
contained ~22-fold less phototoxin than Aiptasia 
exposed to 8.8 uM oxybenzone [Fig. 3B, whole 
animal, (MeO),-BP versus sum of oxybenzone- 
glucoside and higher-molecular weight (MW) 
conjugates (P = 6 x 10°°)]. The fractionation 
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Fig. 2. Photosensitization by oxybenzone and related molecules. 

(A) Chemical structures of oxybenzone (oxy) and related molecules (red: 
structural additions to oxybenzone). (B) Light-absorption spectra of 
compounds 1 and 3 to 5. (C) Allyl-thiourea and sorbic alcohol as probes for 
reactive species. ‘SENS, photosensitizing molecule in its ground state; 
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of Aiptasia homogenates (see materials and 
methods) suggested two explanations for this 
apparent paradox. First, the glucoside metab- 
olites of oxybenzone were sequestered either 
entirely (higher-molecular weight conjugates, 
such as the oxy-malonyl-glucoside) or largely 
(the glucoside without further modification) 
within the algal symbionts (Fig. 3B, Algal versus 
Animal fraction), so that the animal tissue of 
Aiptasia exposed to oxybenzone contained 
only ~1.5-fold more phototoxin than the animal 
tissue of Aiptasia exposed to (MeO).BP [Fig. 3B, 
inset: oxy-glucoside versus (MeO).BP; P = 0.03]. 
Second, the animal tissue of oxybenzone-treated 
Aiptasia also contained a substantial amount 
of oxybenzone itself (Fig. 3B, Animal fraction), 
which probably provided a UV-screening ef- 
fect that was absent from Aiptasia treated 
with (MeO).BP. 

These results suggested that the algae 
protect the animals by sequestering photo- 
toxic oxybenzone metabolites and that the 
overall phototoxicity depends on the balance 
in the animal tissue between screening of UV 
light by oxybenzone and photosensitization 
by its glucoside metabolites. Support for this 
model was obtained from experiments with 
aposymbiotic (lacking algae) Aiptasia (see 
materials and methods) and with the mushroom 
coral Discosoma. First, aposymbiotic Aiptasia 
died much faster in the presence of 8.8 uM 
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oxybenzone than symbiotic Aiptasia (Fig. 
4A; P = 6 x 10-"”), and correspondingly, the 
aposymbiotic tissue contained ~2.7-fold more 
oxybenzone-glucoside than the animal fraction 
of symbiotic anemones (Fig. 4C; P = 1 x 10°). 
Second, Discosoma showed no death during 
8 days under full-spectrum light with 8.8 uM 
oxybenzone (fig. S8), even though they were 
as susceptible as Azptasia to the phototoxin 
(MeO).BP (Fig. 4B; P = 0.2). Correspond- 
ingly, tissue analyses indicated that the algae 
in Discosoma were even more effective than 
those in Aiptasia at sequestering the oxybenzone 
metabolites, which resulted in undetectable 
concentrations of the phototoxins within the 
surrounding animal tissue (Fig. 4C). Relative 
to Aiptasia, the Discosoma samples contained 
lower numbers of algal cells per unit host 
protein (fig. SIC; P = 6 x 10°). Thus, the 
difference in phototoxin sequestration prob- 
ably reflects distinct intrinsic properties of the 
different algal species in the two hosts (fig. $1), 
so that the exchange of algal symbionts that may 
occur during stress and subsequent recovery (7) 
could alter susceptibility to oxybenzone-induced 
phototoxicity. 

If the symbiotic algae of corals and other 
anthozoans indeed protect them from the 
toxic effects of oxybenzone metabolites, then 
the widespread bleaching of corals in response 
to rising seawater temperatures (2) will make 
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3SENS*, photosensitizing molecule in its excited, triplet state. (D) First-order 
photodegradation rate constants for 10 uM allyl-thiourea with 35 uM of 
compounds 1 to 5 at pH 8.1 in seawater-strength halide solution (see 
supplementary materials and methods). Error bars, SEM from three 
independent experiments. 
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them more susceptible to oxybenzone-induced 
phototoxicity. This may be a practical problem 
at reefs where recreational swimming and 
sunscreen use are high, with the risk varying 
between species. The widespread occurrence 


Fig. 3. Oxybenzone metabolism in Aiptasia 
and (MeO)2BP effects. (A) Hypothesized 
scheme of oxybenzone (oxy) metabolism. 

(B) Concentrations of oxybenzone, its 
glucoside metabolites, and (MeO)2BP (Fig. 2A, 3) 
in the water column, whole Aiptasia, and its 
algal and animal fractions after an 18-hour 
exposure to 8.8 uM oxybenzone (0) or 

0.83 uM (MeO)2BP (M). (Inset) Concentrations 
of oxybenzone-glucoside and (MeO)zBP in 

the animal fraction (note expanded scale). 
Error bars: SEM of six trials (two animals per 
trial). (C) Survival of Aiptasia exposed to 

the full solar spectrum (+UV) with 8.3 uM 
(MeO)2BP (n = 16), 0.83 uM (MeO)2BP 

(n = 17), or 8.8 uM oxybenzone (data from 
Fig. 1B) or to light >370 nm (-UV) 

with 8.3 uM (MeO)2BP (n = 19). Error bars, 
SEM over three independent trials, weighted for 
the number of anemones in each trial. 


Fig. 4. Oxybenzone sensitivity and metabo- 
lite concentrations in aposymbiotic Aiptasia 
and in the mushroom coral Discosoma. 

(A) Survival of aposymbiotic Aiptasia (APO) in 
the presence of 8.8 uM oxybenzone and full- 
spectrum light (+oxy+UV; n = 27), full-spectrum 
light without oxybenzone (—oxy+UV; n = 26), or 
8.8 uM oxybenzone without light <370 nm 
(+oxy-UV; n = 16). Survival data for symbiotic 
Aiptasia (SYM) from Fig. 1B are included for 
comparison. Error bars, SEM over three trials 
(weighted by anemones per trial). (B) Survival of 
Discosoma coral (n = 13), SYM Aiptasia (n = 16, 
data from Fig. 3C), and APO Aiptasia (n = 16) 
exposed to 8.3 uM (MeO)2BP under full- 
spectrum light and of APO Aiptasia (n = 8) and 
Discosoma (n = 13) exposed to 8.3 uM (MeO)2BP 
without light <370 nm (-UV). (C) Left: oxy- 
benzone and metabolite concentrations in the 
animal fractions of SYM (from Fig. 3B) and APO 
Aiptasia and in the whole organism and algal and 
animal fractions of Discosoma after exposure to 
8.8 uM oxybenzone for 18 hours. Right: con- 
centrations of oxybenzone-glucoside in the animal 
fractions replotted on an expanded scale. Error 
bars, SEM over six trials for SYM and APO and 
three trials for Discosoma (two animals per trial). 
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of glucosides and related metabolites suggests 
that phototoxicity from oxybenzone might also 
affect species beyond anthozoans. Notably, 
oxybenzone-glucuronide, the dominant oxy- 
benzone metabolite in humans (J8), is as potent 


a photosensitizer as oxybenzone-glucoside (Fig. 
2D and fig. S4). Thus, metabolic pathways that 
presumably evolved to detoxify contaminants 
by rendering them more water soluble appar- 
ently convert oxybenzone from a sunscreen to 
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potent phototoxins. These same pathways may 
also produce phototoxins from other organic 
sunscreens [e.g., salicylates (19) and other 
benzophenones (20)], which have aromatic 
carbonyl structures similar to that in oxybenzone 
and also rely on an excited-state proton transfer 
as their main energy-dissipation mechanism. 
Such conversions will need to be taken into ac- 
count in developing safer alternative sunscreens. 
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FERROELECTRICS 


Emergent ferroelectricity in subnanometer binary 


oxide films on silicon 


Suraj S. Cheema®?*+, Nirmaan Shanker”+, Shang-Lin Hsu*t, Yoonsoo Rho®, Cheng-Hsiang Hsu’, 
Vladimir A. Stoica*®, Zhan Zhang®, John W. Freeland®, Padraic Shafer®, Costas P. Grigoropoulos’, 


Jim Ciston’, Sayeef Salahuddin?:>* 


The critical size limit of voltage-switchable electric dipoles has extensive implications for energy-efficient 
electronics, underlying the importance of ferroelectric order stabilized at reduced dimensionality. 

We report on the thickness-dependent antiferroelectric-to-ferroelectric phase transition in zirconium 
dioxide (ZrOz) thin films on silicon. The emergent ferroelectricity and hysteretic polarization switching in 
ultrathin ZrO>, conventionally a paraelectric material, notably persists down to a film thickness 

of 5 angstroms, the fluorite-structure unit-cell size. This approach to exploit three-dimensional 
centrosymmetric materials deposited down to the two-dimensional thickness limit, particularly within 
this model fluorite-structure system that possesses unconventional ferroelectric size effects, offers 
substantial promise for electronics, demonstrated by proof-of-principle atomic-scale nonvolatile 
ferroelectric memory on silicon. Additionally, it is also indicative of hidden electronic phenomena that are 
achievable across a wide class of simple binary materials. 


he evolution of ferroic order at reduced 
dimensions—in particular, two-dimensional 
(2D) ferroelectricity—has long been in- 
triguing for scaled energy-efficient electron- 
ics () because of the inherent ability to 
control electric polarization with an applied 
voltage (2). Since the discovery of ferroelectricity 
and antiferroelectricity in HfO.-ZrO.-based 
thin films (3, 4), fluorite-structure binary oxides 
have reignited such interest (5) because they 
overcome many of the thickness-scaling (6, 7) 
and silicon-compatibility issues (8) that afflict 
their perovskite and van der Waals ferroelectric 
counterparts. Early studies into fluorite- 
structure systems examined the ferroelectric- 
antiferroelectric phase competition in HfO.-ZrO, 
solid solutions as a function of composition 
(9), typically in the 10-nm regime (8); meanwhile, 
recent works demonstrated ferroelectricity 
down to a sub-2-nm thickness in epitaxial (JO) 
and polycrystalline (12) Zr:HfO, films. 
Considering the implications of voltage-driven 
polarization switching for memory applications 
(8), the fundamental size limit of ferroelectric 
order in fluorite-structure systems is of critical 
importance. First-principles calculations have 
shown that 2D HfO, layers in their polar 
orthorhombic structure (Pca2;) have minimal 


\Department of Materials Science and Engineering, University of 
California, Berkeley, CA, USA. “Department of Electrical 
Engineering and Computer Sciences, University of California, 
Berkeley, CA, USA. “Laser Thermal Laboratory, Department of 
Mechanical Engineering, University of California, Berkeley, CA, 
USA. “Department of Materials Science and Engineering, 
Pennsylvania State University, University Park, PA, USA. 
5Advanced Photon Source, Argonne National Laboratory, Lemont, 
L, USA. Advanced Light Source, Lawrence Berkeley National 
Laboratory, Berkeley, CA, USA. ‘National Center for Electron 
Microscopy, Molecular Foundry, Lawrence Berkeley National 
Laboratory, Berkeley, CA, USA. ®Materials Sciences Division, 
Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 
*Corresponding author. Email: s.cheema@berkeley.edu (S.S.C.); 
sayeef@berkeley.edu(S.S.) ~ 
These authors contributed equally to this work. 


electrostatic penalty—that is, depolarizing 
field—enabling unsuppressed polarization 
down to the unit-cell limit (72, 73). Further- 
more, monolayer ZrO, was predicted to support 
switchable polarization on an atomically ab- 
rupt structure with Si (/4). These predictions 
of scale-free fluorite-structure ferroelectricity 
(12, 14) strongly motivate experimental dem- 
onstration of subnanometer polarization switch- 
ing in this binary oxide system on silicon toward 
realizing highly scaled low-power nonvolatile 
memories (8, 72). 

Our strategy to achieve atomic-scale ferro- 
electricity aims to convert the conventionally 
antiferroelectric tetragonal phase (t-phase) of 
ZrOzg (t-ZrOg: P42/nmc) to the ferroelectric 
orthorhombic phase (o0-phase) of ZrO. (0-ZrOz: 
Pca2,) through reduced dimensionality (Fig. 1A). 
The reduced dimensionality stabilizes the 
pressure-induced ferroelectric o-phase in fluorite- 
based oxides—conventionally achieved through 
hydrostatic pressure (15), chemical pressure (9), 
or epitaxial strain (J6)—in the ultrathin re- 
gime, akin to size-driven antiferroelectric- 
to-ferroelectric phase transitions observed in 
prototypical perovskite ferroelectrics (17). We 
demonstrate the emergence of atomic-scale 
ferroelectricity in conventionally paraelectric 
ZrO, films down to a thickness of 5 A, correspond- 
ing to the fluorite-structure unit-cell size. 

ZrOz films with thicknesses from 10 nm to 
5 A Fig. 1B), which we confirmed with synchro- 
tron x-ray and transmission electron micros- 
copy (TEM) analysis (figs. Sl and $2), are grown 
by atomic layer deposition on SiO.-buffered Si 
(Fig. 1C) (18). To study the thickness-dependent 
antiferroelectric-ferroelectric evolution in ZrOz, 
we examined the structural signatures of the 
respective t- and o-phases (Fig. 1). Synchrotron 
in-plane grazing incidence diffraction (IP-GID) 
spectra confirm the expected t-phase (101) 
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A FLUORITE-STRUCTURE BINARY OXIDES 
FERROELECTRICITY PATHWAYS 
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Fig. 1. Atomic-scale emergence of ferroelectricity in ZrO2. (A) Pressure-driven 
pathways to ferroelectricity in fluorite-structure binary oxides; dimensionality— 
that is, atomic-scale thickness scaling—can induce ferroelectric o-ZrO> 
stabilization in conventionally antiferroelectric t-ZrO2. (B) Thickness-dependent 
IP-GID demonstrating the tetragonal-to-orthorhombic phase transition in the 
ultrathin (5 A to 2 nm) regime (fig. S4). a.u., arbitrary units; Q, scattering vector. 
(C) Schematic of the Si/SiO2(1 nm)/Zr02(0.5 to 10 nm) films grown by atomic 
layer deposition. (D to G) Cross-sectional HR-TEM images of 5-nm ZrO> (D) 


reflection in thicker (3 to 10 nm) ZrO, films 
and the emergence of the o-phase (111) reflec- 
tions for ultrathin (<2 nm) films down to a 
thickness of 5 A (Fig. 1B), concurrent with the 
emergence of highly oriented films (fig. S3) 


(fig. $4) (18). 
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and supported by detailed IP-GID indexing 


Distinguishing the nearly identical polar 
o-phase and nonpolar t-phase structural poly- 
morphs can be further clarified by local oxygen 


and 2-nm ZrOz (F) indexed by oxygen-sensitive negative spherical aberration 
imaging and inverted contrast HR-TEM simulations (figs. S5 and S6), fit to 

the t-phase (E) and o-phase (G) lattice along the [001] and [110] zone axes, 
respectively. For inverted contrast images [(E) and (G)], light (dark) atoms 
represent O (Zr) atoms. Note the faint zigzag oxygen arrangements expected 
for the o-phase [110] projection (G). (H) Dimensionality-driven antiferroelectric- 
to-ferroelectric evolution of ZrO2 demonstrated through oxygen imaging, 
sensitive to the anion distortion present in fluorite-structure binary oxides. 


atomic imaging (19, 20). We used oxygen- 
sensitive negative spherical aberration imaging 
(20) and high-resolution TEM (HR-TEM) to 
identify the expected nonpolar t-phase in 5-nm 
ZrOz films (Fig. 1, D and E), aided by oxygen 
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Fig. 2. Thickness-dependent ferroic phase evolution in ultrathin ZrO2. 

(A) Thickness-dependent lattice spacing (t-dj9; or 0-d4,; Solid line; left y axis) 
and aspect ratio (t-phase c/a or o-phase 2c/(a + b); dashed line; right y axis) 
indicating ultrathin-enhanced lattice distortion. The inset shows example 

IP-GID spectra for 0.5-nm ZrO» indexed to the ferroelectric o-phase. The 
structural markers for ultrathin (0.5 to 2 nm) and thicker (3 to 10 nm) ZrO> 
d OOP-GID spectra, 
respectively (18). (B) Thickness-dependent crystal-field splitting (O K-edge 
orbital polarization 
(Zr-L3,2-edge x-ray linear dichroism (XLD); dashed line; right y axis) indicating 


films are extracted from IP-GID spectra (fig. S4) an 


x-ray absorption spectra; solid line; left y axis) and 


analysis (fig. S5) and HR-TEM simulations 
(fig. S6). Notably, this technique indicates 
that the polar o-phase emerges in 2-nm ZrO, 
films (Fig. 1, F and G), which x-ray analysis 
(Fig. 1B) pinpoints as the onset of ferroelectric 
o-ZrO, stabilization, as identified by its char- 
acteristic zigzag-like oxygen arrangement that 
is visible along the [110] projection (Fig. 1G). 
Additionally, lattice-angle analysis from tradi- 
tional cation imaging matches P4./nmc and 
Pca2, HR-TEM simulations for 5- and 2-nm 
ZrO, films, respectively (fig. S7), consistent 
with oxygen imaging. 

To further examine this thickness-dependent 
antiferroelectric-to-ferroelectric transition, we 
used additional synchrotron x-ray studies to 
detect structural signatures of the respec- 
tive ferroic phases (Fig. 2). From thickness- 
dependent GID, we found that the interplanar 
lattice spacing (0-d,; or t-do,) and aspect ratio 
[2c/(a + b) or c/a], which are structural barom- 
eters of lattice distortion established for 
fluorite-structure films (78), sharply rise at 
thicknesses less than 3 nm (Fig. 2A). These 
observations indicate increased polar 0-ZrO, 
stabilization in the atomic-scale limit (Fig. 1B). 
Along with diffraction, x-ray spectroscopy pro- 
vides another gauge of the fluorite-structure 
symmetry. Thickness-dependent x-ray absorp- 
tion spectra at the oxygen K-edge (fig. S8) 
demonstrate larger crystal field splitting (Fig. 
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2B) below 3 nm, suggesting more pronounced 
polar distortion (78). Indeed, secondary crystal 
field splitting that arises from the polar rhombic 
distortion, a fingerprint of the ferroelectric 
o-phase (fig. S8), emerges for 5- and 10-A ZrO». 
Furthermore, x-ray linear dichroism from zir- 
conium M;,- and Lz .-edges (fig. S8) indicates 
more pronounced orbital polarization, linked 
to electric polarization that arises from ferro- 
electric polar distortions (7, 18), in the ultrathin 
regime (Fig. 2B). These thickness-dependent 
diffraction and spectroscopy trends support the 
ultrathin-amplified emergence of ferroelectric 
o-ZrO, in typically antiferroelectric t-ZrO, films. 

Optical microscopy observations also sup- 
port the size-dependent ferroic phase evolution, 
because the increase in the second-harmonic 
generation (SHG) signal, which is related to 
macroscopic polarization (78), with decreasing 
ZrO, thickness (Fig. 2C) is consistent with the 
ultrathin-enhanced polar distortion trends. 
Additionally, thickness-dependent capacitance- 
voltage (C-V) measurements of metal-oxide- 
semiconductor capacitors (fig. S9) indicate a 
crossover from an antiferroelectric-like t-phase 
permittivity («), « ~ 40 (4), toward a more 
ferroelectric-like o-phase permittivity, « ~ 30 
(4, 21), for ultrathin ZrO, films, again con- 
sistent with structural characterization. 

To further characterize the electrical behav- 
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ultrathin-amplified structural and polar distortion (18) (fig. S8). The 

inset shows an increase in orbital polarization at the Zr-L>-edge with 
decreasing ZrOz thickness. Acr, crystal field distortion. (©) Averaged SHG 
intensity of bare ZrOz films (0.5 to 10 nm) increases with decreasing 
ZrQz thickness, indicative of ultrathin-enhanced remnant polarization. The 
inset shows 2D SHG maps for the entire ZrOz thickness series. Further 
evidence of strong (weak) SHG intensity in ultrathin polar (thick nonpolar) 


by SHG spectra (fig. S11). (D) Dimensionality-driven 
ectric evolution of ZrO. demonstrated through 
res. 


capacitors with varying ZrO, thicknesses 
(Fig. 3A). Considering that antiferroelectrics 
are defined based on their field-induced tran- 
sition to a proximal polar phase and not simply 
their parent crystal structure (17), voltage- 
dependent hysteretic behavior is required to 
probe the underlying ferroic order, beyond 
crystallographic signatures of their parent struc- 
ture. MIM polarization-voltage (P-V) loops for 
5- and 10-nm-thick ZrOz, the typical t-ZrO. 
thickness regime (4, 8), demonstrate a sig- 
nature antiferroelectric-like double hystere- 
sis (17) (Fig. 3B). Importantly, conventional 
P-V probes of the signature behavior cannot 
be applied to the ultrathin regime (8), in 
which nonpolarization-dependent leakage cur- 
rent masks polarization-dependent switching 
current. 

To directly probe the polarization switching 
properties of ultrathin ZrO, films while sup- 
pressing leakage current, we fabricated inter- 
digitated electrodes (IDEs) to facilitate in-plane 
(IP) polarization switching (Fig. 3D). In IDE 
structures, leakage is no longer limited by the 
ZrO. thickness (~5 A to 10 nm) but rather by 
the IP electrode spacing (~1 um). The expected 
field-induced nonpolar-to-polar phase transi- 
tion for fluorite-structure antiferroelectrics 
(8, 18), illustrated by double-switching P-V 
behavior in the IDE structures, is observed for 


ior, we fabricated metal-insulator-metal (MIM) 


thick (5 and 10 nm) t-ZrO, films (Fig. 3E and 
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Fig. 3. Thickness-dependent polarization switching in ultrathin ZrO>. 

(A) Schematic OOP capacitor geometries—MIM capacitors with bottom TiN 
and MFIS tunnel junctions with SiOz interlayer dielectrics—used to investigate 
thickness-dependent OOP polarization switching in ZrO>. (B) Antiferro- 
electric-like OOP polarization switching observed in relatively thick (5 and 
10 nm) ZrOz from MIM P-V hysteresis loops. (€) Ferroelectric-like OOP 
polarization switching observed in ultrathin (5 A and 1 nm) ZrO2 from 
pulsed I-V hysteresis loops measured in MFIS tunnel junctions, demonstrating 
two bistable remnant resistive states, consistent with ferroelectric 


fig. S10). As ZrO. drops below the critical 2-nm 
thickness, P-V behavior for 1-nm and 5-A ZrO. 
displays ferroelectric-like counterclockwise polar- 
ization switching (Fig. 3F and fig. S10). The 
polarization switching in this IP geometry is 
consistent with SHG imaging (Fig. 2C) and 
SHG spectra (fig. S11), whose geometry (fig. S12) 
is sensitive to IP inversion symmetry breaking 
(8) rather than out-of-plane (OOP) inversion 
symmetry breaking mapped by piezoresponse 
force microscopy imaging (fig. S13). 

Pulsed current-voltage (-V) measurements in 
metal-ferroelectric-insulator-semiconductor 
(MFIS) tunnel junction structures (Fig. 3C) 
provide additional ferroic phase insights into 
ZrOz, in which tunnel electroresistance re- 
flects the ferroelectric polarization evolution 
with field (18). For ultrathin (1 and 0.5 nm) 


SCIENCE science.org 


B Cc 
30 
Ferroelectric ZrO, 
o 2 —e— 05mm 
5 — ——— 1 nm (x10) 
Oo ~ 
= 5 
Se = 
F = 
5 -10 = 
x) 
a -20 
-0 
4 ~& a ° 1 2 3 4 
Electric Field [MV/cm] 
E F 


Antiferroelectric ZrO, 
—— 5nm 
— 100m 


Polarization [a.u.] 


OOP & IP 
Polarization Switching 


ZrO, tunnel barriers (Fig. 3C), abrupt bistable 
resistance states exhibit counterclockwise hys- 
teresis, consistent with ferroelectric polariza- 
tion switching in the MFIS geometry and 
voltage polarity-independent hysteretic behav- 
ior (fig. S14). Similar tunnel electroresistance 
hysteresis maps have been shown for ferro- 
electric tunnel junctions that integrate ultra- 
thin Zr:HfO, barriers (1, 22, 23), but until this 
point, fluorite-based ferroelectric tunnel junc- 
tions have not been demonstrated below 1 nm. 

To unravel these anomalous size effects, 
specifically the emergent 2D ferroelectricity in 
a conventionally paraelectric material, surface 
energies, which take on an amplified role in 
the ultrasmall and ultrathin regime (2), can 
provide key insights into fluorite polymorphic 
phase stability (15). First-principles calculations 
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polarization switching and piezoresponse force microscopy hysteresis 
loops (fig. S14). Jreap, read current; Vwrite, write voltage. (D) Schematic 
IP device geometry (IDEs) used to investigate thickness-dependent IP 
polarization switching in ZrOz. (E and F) Antiferroelectric-like (E) and 
ferroelectric-like (F) IP polarization switching observed in relatively thick 
(5 and 10 nm) ZrO> and ultrathin (5 A and 1 nm) ZrO>, respectively, from 
IDE P-V hysteresis loops. 
ferroelectric evolution of ZrO2 demonstrated through OOP and IP polarization 
switching. FE, ferroelectri 


(G) Dimensionality-driven antiferroelectric-to- 


c. 


that consider surface-energy contributions pre- 
dict lower o-phase Gibbs free energy relative 
to the t-phase at ultrasmall sizes (<4 nm) and 
large pressures for the HfO.-ZrO. system (27). 
Indeed, pressure-driven stabilization of the 
o-phase in ZrO, has been observed through 
hydrostatic pressure in bulk ZrO, (15) and 
epitaxial strain in thin-film ZrO, (16, 24). Here, 
2D thickness scaling—that is, confinement in 
the vertical dimension (Fig. 1A)—should trigger 
similar pressure-driven and surface energy- 
induced effects. Accordingly, the ferroelectric 
o-phase is stabilized at reduced dimensions, as 
expected for ultrasmall crystallite sizes (20) 
and nanoscale grain sizes (27) in fluorite binary 
oxides. On the other hand, similar size effects 
typically destabilize the polar crystal structure 
in the conventional perovskite ferroelectrics 
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(25), marking one key distinction between the 
two ferroelectric systems. 

Besides simply stabilizing atomic-scale fer- 
roelectricity, another puzzling feature lies in 
the amplified markers of polar distortion with 
decreased thickness (Fig. 2). Indeed, ZrO. dem- 
onstrates many of the same ultrathin-enhanced 
lattice distortion signatures as ferroelectric poly- 
crystalline Zr:HfO, (11) and epitaxial Zr:HfO, 
(10, 26) films. Therefore, these “reverse” size 
effects relative to its perovskite counterparts, 
in which polarization typically decreases with 
decreasing thickness (7), may be intrinsic to 
fluorites. Recent first-principles calculations 
indicate that the fluorite-structure o-phase 
(Pca2,) displays a negative longitudinal piezo- 
electric effect (27), in which compression along 
the polarization direction leads to a larger polar 
distortion. Therefore, the negative longitudinal 
piezoelectric effect could provide an atomic- 
scale mechanism underlying the observed in- 
creased polar distortion as thickness is reduced 
to the ultrathin regime (JO, 17, 26) in fluorite- 
structure ferroelectrics. This would mark an- 
other distinguishing feature from prototyp- 
ical perovskite-based ferroelectric thin films, 
which demonstrate positive longitudinal piezo- 
electricity and diminished polar distortion at 
the atomic scale (7). 

Along with the distinct piezoelectric origins 
(27), unconventional ferroelectric origins have 
also been attributed to fluorite-structure binary 
oxides (2, 13). First-principles calculations 
suggest that 2D fluorite-structure Pca2, slabs 
maintain switchable polarization because of 
their improper nature (12); indeed, for improper 
ferroelectric transitions, the primary nonpolar 
structural distortion, from which the sponta- 
neous polarization indirectly arises, is impervious 
to electrostatic depolarization effects (28). There- 
fore, improper fluorite ferroelectrics should dis- 
play robust, switchable electric dipoles with 
no critical thickness (12), as we observed for 
ultrathin ZrO, (Fig. 3). 

In addition to the depolarization-resistant 
nature of fluorite ferroelectricity (12, 13), IP 
polarization can also help mitigate depolarization 
fields, which typically suppress OOP polariza- 
tion in the ultrathin regime (29). Indeed, the 
ultrathin o-ZrO, films demonstrate IP polar- 
ization, as evidenced by IP inversion symmetry 
breaking (Fig. 2C) and polarization switching 
(Fig. 3F). These films exhibit predominant (111) 
OOP texture (Fig. 2A and fig. S3); considering 
that the Pca2, unit-cell polar axis lies along a 
principal lattice direction, o-ZrO, films project 
asubstantial IP polarization. Therefore, the highly 
oriented nature of the ultrathin ZrO, films, 
preferentially stacked along their close-packed 
(111) planes favored by surface-energy consid- 
erations, can also contribute to the sustained 
atomic-scale polarization. 

Considering that traditional 3D materials 
may possess unrealized spontaneous polar- 
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ization, exemplified here by a conventionally 
paraelectric binary oxide developing ferro- 
electric order at reduced dimensions, simply 
scaling the thickness to the atomic scale offers 
a straightforward, yet effective, route to 2D 
ferroelectricity by design in intrinsically cen- 
trosymmetric materials. Therefore, reduced 
dimensionality offers a powerful inversion 
symmetry-breaking methodology (30), along 
with epitaxial strain (37, 32) and twisted hetero- 
structures (33), for materials in proximity to 
pressure-induced polar instabilities, such as 
other simple binary oxides (34). 

Specifically regarding the HfO,-ZrO, binary 
oxide family, the emergence of atomic-scale 
ferroelectricity in ZrO, underscores the dis- 
tinct nature of fluorite-structure size effects, 
in which reduced dimensionality induces 
ferroelectric order even in its conventionally 
antiferroelectric endmember, not just Zr:HfO. 
(11). Therefore, thickness-scaling alone can 
span the fluorite ferroelectric-antiferroelectric 
phase diagram, moving beyond the established 
HfO,-ZrO, composition space (4, 8, 9). Further- 
more, the observed polarization switching (Fig. 
3) to the fluorite-structure unit-cell size, 5 A, 
validates recent predictions of its unorthodox 
ferroelectric origins (2, 13), likely marking the 
thinnest demonstration of hysteretic polariza- 
tion switching in any ferroelectric system 
(table S1). Critically, the polarization switching 
for 5-A ZrO. persists beyond 125°C (fig. S15), 
which is promising for electronic applications, 
such as nonvolatile ferroelectric memory (Fig. 
3C). Therefore, simple fluorite-structure binary 
oxides offer a model material system not just 
to explore unconventional piezoelectric and 
ferroelectric phenomena at the 2D limit but 
also for integration into highly scaled next- 
generation Si electronics. 
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PALEOECOLOGY 


A stronger role for long-term moisture change 
than for CO. in determining tropical woody 


vegetation change 


William D. Gosling’, Charlotte S. Miller”, Timothy M. Shanahan’, Philip B. Holden‘, 


Jonathan T. Overpeck®, Frank van Langevelde®” 


Anthropogenically elevated COz (eCOz2) concentrations have been suggested to increase woody cover 
within tropical ecosystems through fertilization. The effect of eCO. is built into Earth system models, 
although testing the relationship over long periods remains challenging. Here, we explore the relative 
importance of six drivers of vegetation change in western Africa over the past ~500,000 years (moisture 
availability, fire activity, mammalian herbivore density, temperature, temperature seasonality, CO2) 

by coupling past environmental change data from Lake Bosumtwi (Ghana) with global data. We found 
that moisture availability and fire activity were the most important factors in determining woody cover, 
whereas the effect of CO2 was small. Our findings suggest that the role of eCOz effects on tropical 


vegetation in predictive models must be reconsidered. 


ropical vegetation forms an important 

part of the global carbon cycle, with for- 

ests contributing 33% (1) and savannas 

30% (2) of the global terrestrial net pri- 

mary productivity. The current paradigm 
suggests that anthropogenically elevated CO, 
(eCO.) levels have enhanced carbon seques- 
tration rates in tropical forests (3, 4) and re- 
sulted in elevated woody cover, “greening,” 
within tropical savannas and grasslands (5-7). 
The suggested reason for these changes is that 
plant species that use the C3 photosynthetic 
pathway (such as trees and shrubs) sequester 
more carbon under eCO, than species that 
use the C, pathway (such as tropical grasses) 
(8, 9). This highly influential concept of trop- 
ical greening caused by eCO, is difficult to 
test, especially on large spatial scales or over 
long periods of time (10-12). However, dy- 
namic global vegetation and Earth system 
models, which are used to predict the im- 
pacts of projected future climate change, never- 
theless typically include a fertilization effect 
of eCO, on the growth of woody cover in the 
tropics [e.g., (6, 13-16)]. 

The impact of eCO, on vegetation has re- 
cently been challenged in observational and 
experimental field studies running over dec- 
ades (17-20); with atmospheric CO, rising by 
~100 ppmv (parts per million by volume) since 
1960 (21). Therefore, a pertinent question now 
exists regarding the effect of eCO2 on vegeta- 
tion community change (e.g., the shift in the 
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dominance of plants with Cz versus C4 photo- 
synthetic pathways) rather than on individ- 
ual plants, and therefore on the importance 
of including eCO, as a driver of vegetation 
change in models over long periods of time 
and on large spatial scales. This is fundamen- 
tal to understanding Earth system function 
because it took thousands of years for mod- 
ern tropical forest vegetation to establish 
after the end of the last global glacial period 
[e.g., (22)]. Furthermore, if we are to be able to 
correctly anticipate future vegetation change 
and predict the potentially significant roles 
that vegetation could play in mitigating, or 
enhancing, climate change under continuing 
anthropogenic eCO, levels, it is over long pe- 
riods of time that knowledge is required. Al- 
though modeling studies have been used to 
assess how lower eCO, levels could have affected 
vegetation during the latter part of the last 
glacial period, ~21,000 to 18,000 years ago 
(23-25), there have been no data available to 
support the causal relationship between eCO, 
and tropical woody cover over multiple high 
magnitude (>100 ppmv) eCO, transitions rele- 
vant to the establishment of tropical vegetation 
communities. Here, we remedy this problem 
and explore the relationship among tropical 
woody cover, COs, and five other variables 
known to influence woody cover [fire activity, 
mammalian herbivore density, moisture avail- 
ability, temperature, and temperature season- 
ality (26-28)], over the past ~500,000 years at 
a site in tropical western Africa. 

The sedimentary archive recovered from 
Lake Bosumtwi in Ghana (6°30'N, 1°25'W, 
97 m above sea level) contains evidence for 
multiple multimillennial transitions between 
tropical woody and grass-dominated vegeta- 
tion over the past ~500,000 years (29, 30). 
Located within moist, semi-evergreen forest 
today, Bosumtwi receives ~1450 mm of rainfall 


per year (37). To the north of Bosumtwi, there 
is a concomitant decline in rainfall and woody 
cover (32). The relationship between the depth 
and age of the sediments recovered from 
Bosumtwi is constrained independently by 
radiocarbon, optically stimulated luminescence, 
and uranium-thorium ages. All of these data 
were combined in a Bayesian probability model 
to allow uncertainties in the chronology to be 
calculated (fig. S1) (33). Its exceptionally long 
record of past environmental changes and its 
position on ecological and climatic gradients 
make Bosumtwi the ideal location to test the 
relative importance of drivers of tropical vege- 
tation dynamics (22). Furthermore, the variation 
in woody cover in the Bosumtwi record and the 
simulated vegetation carbon storage show sim- 
ilar, sub-100,000 year patterns of change over 
the past ~500,000 years (34) (Fig. 1, A and B). 

We characterized the woody cover in tropi- 
cal western Africa, and the likely factors driving 
change, using a combination of observed and 
simulated data obtained from the sedimen- 
tary core recovered from Bosumtwi (35), the 
GENIE-1 Earth system (climate-carbon cycle) 
model (36), and ice core records (37). Four var- 
iables were obtained from Bosumtwi, pollen 
taxa, charcoal fragments, Sporormiella fun- 
gal spores, and 8”°N, providing time series of 
vegetation cover (variation of woody versus 
grassy cover), fire activity, mammalian her- 
bivore density, and moisture availability, re- 
spectively (33). Two additional variables were 
obtained for the Bosumtwi region from the 
GENIE-1 model: temperature and temper- 
ature seasonality (34). Atmospheric CO, con- 
centrations were taken from ice-core records 
(37). The datasets were integrated using an 
updated chronology for Bosumtwi (33), the 
chronology from within the GENIE-1 model 
(36), and the ice core chronology (37). 

The data extracted from the Bosumtwi sed- 
iment core show variations in the degree of 
woody cover (Fig. 1B), fire activity (Fig. 1C), 
mammalian herbivore density (Fig. 1D), and 
moisture availability (Fig. 1E). The major var- 
iation in the pollen assemblage over the past 
~500,000 years is driven primarily by the abun- 
dance of grass (Poaceae) (Fig. 1B) (29, 30, 33). 
Fire activity and mammalian herbivores are 
shown to have been near continually present 
in the landscape for the past ~500,000 years, 
with the lowest prevalence of fire activity being 
after ~9000 years ago and the lowest density of 
mammalian herbivores between ~22,000 and 
800 years ago. Moisture availability is shown to 
oscillate throughout the past ~500,000 years, 
with lower-than-average availability suggested 
between ~300,000 and 130,000 years ago and 
~30,000 years ago (Fig. 1E). Temperature (Fig. 
1F), temperature seasonality (Fig. 1G), and at- 
mospheric CO, levels (Fig. 1H) show major 
fluctuations on 100,000-year and 21,000-year 
time scales related to orbital climate forcing (34). 


6 MAY 2022 * VOL 376 ISSUE 6593 653 


RESEARCH | REPORTS 


A Vegetation biomass 102 § 
i $s 
9 3 § 
96 5° 
a 
93 £ S 
90 0 Es 
B a 
1 5 g 
o 3° 
ac 
4 9 
-2 
Cc 
10 =o 
8 § 
sg 
5 55 
S65 
o x™ 
P O25, 
3s 
0188 
SS 
0.0 a a 
E 0 
J 2 
i 
- 15 
F _| Temperature 20 
18 F 
a 
16 3 
£ 
13 ” 
G _| Seasonality 12 5, 
10 3 8 
wy os 
6 32 
Ee 
=O 
409 
H_ | Carbon dioxide 
280 | 
230 & 
a 
Ee 180 
500 400 300 200 100 0 


Thousands of years ago 


The direction and strength of the relationships 
between the various variables were assessed 
through structural equation modeling (SEM) 
[e.g., (26)]. SEM identifies the directionality of 
linear relationships within an a priori model 
of seven variables (Fig. 2A) (33) calculated 
independently over two different intervals 
of time (~150,000 to O years and 500,000 to 
0 years). The ~150,000-year interval was se- 
lected because this section of the sedimentary 
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archive contains the largest number of inde- 
pendent radiometric age control points; i-e., the 
chronological control is the most robust through 
this section of the record. The ~500,000-year 
interval was used because it includes the largest 
amount of available data on past ecological and 
climatic change (pollen, Sporormiella fungal 
spores, and charcoal fragments with n = 112; 
8°N with n = 51). The SEM was constructed 
to examine hypothesized direct and indirect 


Fig. 1. Five hundred thousand years of tropical 
environmental change. Shown are model simulations 
of conditions for low northern latitudes (0 to 23°N) 
[(A), (F), and (G)], empirical data from Lake Bosumtwi 
(Ghana) [(B) to (E)], and global atmospheric CO2 
(H). (A) Simulated vegetation carbon storage. 

(B) Characterization of the variation in the abundance 
of woody taxa within the overall pollen/spore 
assemblage data; plus sign indicates more woody 
taxa and minus sign indicates higher abundance of 
grass (represented by the first ordination axis that is 
based on detrended correspondence analysis: 

DCA axis 1). (€) Reconstructed fire activity from 
sedimentary charcoal abundance data; two values 
exceed the scales shown, sample indicated by 

A® = 25 and * = 16 x 10° charcoal particles/cm*. 
(D) Relative mammalian herbivore density recon- 
structed from sedimentary Sporormiella abundance; 
two samples exceed the scale shown, sample 
indicated by ““ = 0.37 and * = 0.36 as a proportion 
of the pollen sum. (E) Moisture availability recon- 
structed from sedimentary 8!°N: plus sign indicates 
deeper lake levels and minus sign indicates lower 
lake levels. (F) Simulated temperature for low 
northern latitude band. (G) Simulated difference in 
temperature between seasons for low northern 
latitude band; high values indicate greater difference 
in temperature between seasons. (H) Atmospheric 
COz [for further information, see (33)]. Gray box 
indicates data used within the ~150,000-year time 
interval SEM (Fig. 2B). The entire time range 

of the figure indicates the data used within the 
~500,000-year time interval SEM (Fig. 2C). 


relationships based on current understand- 
ing of tropical vegetation (26, 32) (Fig. 2A). To 
explore for possible bias caused by chronolog- 
ical uncertainty in the Bosumtwi record, the 
SEMs were also run against 1000 possible 
alternative versions of the chronology (29) for 
both intervals of time [for the ~500,000-year 
data, see Fig. 3; other analysis is in (33)]. Given 
the limitations of null-hypothesis significance 
testing (38), we focused on the relative importance 
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Fig. 2. Assessment of 
past relationships among 
climate, atmospheric 

COz, landscape processes, 
and vegetation in the 
tropics using a SEM 
approach. (A) Hypothesized 
relationships examined in this 
study (see Fig. 1). (B and 

C) Results of SEM for the 
past ~150,000 years (B) and 
the past ~500,000 years 

(C) based the weighted 
average chronology (33). 
Measured variables are 
indicated by square gray 
boxes: solid lines indicate 
empirical data derived from 
the Bosumtwi sedimentary 
record, dashed lines 
indicate data derived from 
the GENIE-1 model, and 
dotted lines indicate empiri- 
cal data from ice cores 
[see (33)]. Latent variables 
are in black ovals. Colors 
associated with variables 
match Fig. 1. In (B) and 
(C), arrow color/form 
indicates positive 

(green, solid) and negative 
(pink, dashed) relationships, 
and arrow thickness 
represents the absolute 
strength of the relationships 
based on the average age 
model (33). Significance 
testing: *0.01 < P < 0.05; 
**0.001 < P < 0.01; and 
***P < 0.001. Full model 
results are presented 

in table S1 (33). 
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of the predictor variables using the distribution 
of the standardized coefficients of the SEMs. 
Regardless of time interval, moisture avail- 
ability is shown to be the most important 
driver of woody cover, directly and indirectly, 
on multimillennial time (Figs. 2, B and C, and 
3 and table S1). Increasing moisture availabil- 
ity simultaneously results in increasing woody 
cover and a decrease in grass-fueled fire activ- 
ity. This decrease likely reflects changes in the 
abundance of the woody component of these 
ecosystems, resulting in the negative relation- 
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ships between fire activity and woody cover 
(39). Mammalian herbivore density shows a 
strong positive relationship with fire activity 
and woody cover. These findings are in agree- 
ment with recent analyses indicating that her- 
bivore biomass and woody cover are positively 
correlated when woody cover is sparse (27). 
Conversely, increasing temperature season- 
ality had a strong negative effect on woody 
cover. These findings are consistent with those 
based on recent global observational studies 
in savannas (26, 28, 32) and forests (40), and 


additionally suggests that the mechanistic con- 
trols on tropical woody cover have remained 
stable for at least the past half a million years. 
Unexpectedly, the effect of atmospheric CO, 
on woody cover both directly and indirectly, 
through temperature, was small during the 
past ~500,000 years at Bosumtwi (Fig. 2, B 
and C). Furthermore, even when temperature 
or moisture were excluded from the SEM, the 
relative importance of the different drivers 
was found to hold [presented in (33)]. 

Our findings suggest that abiotic (moisture 
availability and fire activity) and biotic (mam- 
malian herbivore density) drivers operating at 
the landscape scale, together with tempera- 
ture seasonailty, can override the role of CO, 
in driving woody growth at forest-savanna 
transitions in the tropics. The absence of a 
strong relationship between CO, and woody 
cover at Bosumtwi provides evidence against 
the idea that lower eCO, levels could be mainly 
responsible for tropical vegetation change over 
glacial-interglacial cycles (23), and supports 
findings of a stronger role for precipitation 
than CO, in determining the position of the 
treeline in African mountain regions (24, 25). 
Comparison of major vegetation shifts iden- 
tified in other long terrestrial records from 
Africa reveals no strong and contrasting cor- 
relation with each other and shifts in global 
CO, (figs. S7 and S8) (33). In eastern Africa 
during the past ~500,000 years, the periods of 
highest woody cover (i.e., the lowest abundance 
of grasses) at Lake Magadi and Lake Malawi 
are antiphased (4/-43), suggesting that a 
regionally specific change [such as in pre- 
cipitation pattern sensu (44)], rather than a 
uniform CO, fertilization effect, is likely to 
be the driving factor. Shorter records from 
southern [Vankervelsvlei (45)] and central 
[Lake Bambili (46)] Africa show changes in 
woody cover during the last glacial cycle (the 
past ~100,000 years) that do not all occur in 
concert with global CO, shifts, again suggest- 
ing that other processes were important. A 
recent analysis of African climate change 
over the past 1 million years revealed that the 
major change in precipitation patterns occur- 
red ~300,000 years ago and was related to a 
shift in tropical climate systems (Walker circu- 
lation) (44, 47). On the basis of the strong con- 
trol of moisture availability on woody cover 
shown here, we hypothesize that changes in 
moisture availability are likely to exerted a greater 
control on vegetation across Africa than CO,. 

The low relative importance of CO, in deter- 
mining woody cover in Africa over long time 
scales can be considered mechanistically. Al- 
though trees require more carbon to deploy a 
unit of leaf area than grasses (5), and they need 
to allocate large amounts of carbon in roots to 
resprout after grass fire and herbivory damage 
(48, 49) and to ensure that they rapidly attain 
the sizes needed to prevent this damage (50), 
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Fig. 3. Distributions of the standardized coefficients for the predictor variables in the SEMs for the 
~500,000-year interval for Bosumtwi (Fig. 2C). The SEMs were run against 1000 possible alternative versions 
of the chronology to explore for possible bias caused by chronological uncertainty. The predictor variables are 
shown per response variable (fire and woody cover). The most important drivers of woody cover are moisture 
availability and fire because they do not include zero in their distributions. The statistics are reported in (33). 


eCO2 may not necessarily result in higher 
woody cover. Possible explanations for the 
small CO, effect on woody cover are that it 
can be counteracted by impacts from climate- 
driven changes (57) or by water or nutrient 
limitations on vegetation productivity (17), or 
fire could limit woody cover expansion in tropi- 
cal grasslands and savannas (22) [but see (28)]. 
Generating comparable, high-resolution, multi- 
proxy records to test our findings in different 
biomes across the tropics is now a priority. 
Our study confirms that an improved under- 
standing of vegetation community change (C4 
versus C3 plant response) under eCO, is needed 
for dynamic global vegetation and Earth sys- 
tem modeling of the future. The small effects 
of CO, on past woody cover challenges the 
long-term capacity of tropical savannas and 
forests to slow anthropogenically eCO, through 
increased greening as woody taxa recruitment 
and growth are enhanced through CO, fertil- 
ization effects, as predicted by these models 
(14-16). Therefore, our findings suggest that 
the long-term effectiveness of proposed trop- 
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ical vegetation-based strategies to mitigate 
anthropogenic eCO, through enhanced car- 
bon sequestration rates (52, 53) is contingent 
on sufficient moisture availability. 
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One-Step ELISA Experiments 
AMS Biotechnology announces 
the launch of the QuicKey Pro 
range of ELISA kits—easy-to- 
use assays that require just one 
step of washing and one step 

of sample addition, so an entire 
experiment can be completed in 
only 90 min. The total procedure 
time using a QuicKey Pro 

ELISA kit is reduced by 1-2 h from that needed with traditional 
ELISA kits, resulting in significant gains in efficiency. Based upon 
proprietary competitive and sandwich technologies, the kits allow 
researchers to choose the optimal ELISA format to measure their 
specific analyte of interest in a wide range of complex biological 
samples. They are designed to provide sensitive and specific in 
vitro quantitative determination of specific analyte concentrations, 
and when unopened, offer the convenience of storage at 4°C for an 
extended period. 

AMS Biotechnology 

For info: +1-617-945-5033 
www.amsbio.com/quickey-pro-elisa-kits 


Fluorescent-Labeled Recombinant Proteins 

R&D Systems Fluorokines are designed to simplify detection of 

a specific chimeric antigen receptor (CAR) on CART cells or other 
cell types of interest. The fluorophores are conjugated to the 
bioactive protein via amine labeling, and the resulting Fluorokines 
are rigorously tested to ensure consistent labeling of each lot. The 
manufacturing process is controlled to reduce lot-to-lot variability 
and yields a consistent fluorochrome/protein (F/P) ratio. Finally, 
each protein is quality-control tested by flow cytometry. The 

main advantage to Fluorokines is that target cells expressing the 
corresponding CAR can be directly stained and detected by flow 
cytometry. This method of evaluating CAR expression is highly 
specific, reduces processing time, and eliminates background 
staining that may occur by indirect detection of the CAR using an 
epitope-tagged target antigen and a fluorophore-labeled secondary 
antibody. 

R&D Systems 

For info: +1-800-343-7475 

www.rndsystems.com 


Anti-Pertuzumab Antibodies 

Bio-Rad Laboratories introduces four inhibitory antibodies that are 
highly specific to pertuzumab (Perjeta). These ready-made antibodies 
inhibit the binding of the drug to its target, human epidermal growth 
factor receptor 2 (HER2), enabling researchers to develop highly 
selective, sensitive assays for bioanalysis and drug monitoring of 
pertuzumab and its biosimilars. Pertuzumab is a targeted cancer 
drug that binds to the HER2 protein, which is overexpressed in 
HER2-positive cancers, preventing cell growth and proliferation. 

The new range of anti-pertuzumab antibodies includes monovalent 
fragment antigen-binding (Fab)-format antibodies suitable for 
development of a pharmacokinetic bridging ELISA to measure 


new products: protein analysis 


free drug concentrations, as well as fully human immunoglobulin 
G1 (IgG1) antibodies with varying levels of affinity, which can be 
used as a Surrogate positive control or reference standard in an 
antidrug antibody assay. The antibodies are generated using the 
Human Combinatorial Antibody Libraries (HUCAL) and CysDisplay, 
a proprietary method of phage display, along with guided selection 
methods to obtain highly targeted reagents. The recombinant 
production method ensures a consistent and secure supply. 
Bio-Rad Laboratories 

For info: +1-800-424-6723 

www.bio-rad-antibodies.com 


Centrifuges 

Eppendorf expanded its centrifuge offerings with the CP22N and 
CP30NxX high-speed, floor-standing centrifuges in 2021, which have 
now been completed with the addition of the CP-NX and CS-(F) 

NX series ultracentrifuges this year. These new models enrich the 
Eppendorf portfolio with comprehensive solutions for customers 
working in fields such as molecular biology, biochemistry, and 

cell biology. The extended product line, which includes rotors, 
adapters, consumables, and services, enables Eppendorf to offer 
centrifugation solutions for an even broader range of applications 
at speeds up to 150,000 rpm (1,050,000 x g). Enpendorf’s new 
premium ultracentrifuges and micro-ultracentrifuges increase its 
commitment to produce high-quality products equipped for optimal 
performance and ease-of-use. Their ergonomic design—including 
a large touchscreen, fast startup time, compact design, and low 
noise level—gives you quick and comfortable operation. The 
unique rotor-life management system of the CP-NX series provides 
convenient tracking of rotor usage, eliminating the need for manual 
logbooks and extending the overall rotor lifetime. Smart, noncontact 
imbalance sensors safeguard users during ultraspeed applications 
and allow for quick sample balancing by eye (within 5-mm sample- 
height difference), with no need for scales. 

Eppendorf 

For info: +1-800-645-3050 
www.eppendorf.com/your-centrifuge-solution 


Peptide Synthesizer 

Gyros Protein Technologies has launched PurePep Sonatat+, a 
mid-pilot scale peptide synthesizer. PurePep Sonata+ builds on 
the ability of Sonata XT through the introduction of real-time 

flow technology, a noninvasive method to continually monitor 

the flow rate of fluids within the system, enabling precise fluid 
transfers for a range of viscosities. The need to calibrate is thereby 
minimized, and workflows that previously required one day for 
fluid calibration are significantly shortened. Our proprietary valve 
block system, the PurePep Pathway, is also integrated to eliminate 
cross-contamination, ensuring peptide purity. Thanks to reduced 
calibration time to streamline and shorten workflows, combined 
with improved reliability and robustness, this peptide synthesizer 
is easy to operate, and the intuitive software platform—compliant 
with 21 CFR Part 11—facilitates a smooth transition from the bench- 
scale PurePep Chorus to mid-pilot scale. 

Gyros Protein Technologies 

For info: +1-877-433-9400 


www.gyrosproteintechnologies.com 


Electronically submit your new product description or product literature information! Go to www.science.org/about/new-products-section for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are featured in this 
space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or materials mentioned is not 


implied. Additional information may be obtained from the manufacturer or supplier. 
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Senior Faculty in Cell Stress Biology 


Associate or Full Members (Professors) 


Roswell Park Comprehensive 
Cancer Center (RPCCC), Buffalo, 
NY/ Competitive salary and startup 
package (depending on qualifications 
and rank) with full benefits 


Prospective candidates must have 

a strong record of independent, 
extramurally funded program of 
cancer-related research that will 
complement the ongoing Cell Stress 
and Biophysical Therapies Program. 
Candidates are expected to have 
active programs in molecular, 
cellular and systemic mechanisms 
of organismal response to stresses, 
pathologies associated with cancer 
treatment and aging, as well as 
development of new original cancer 
treatment approaches. Proven ability 
to acquire extramural funding, along 
with a strong publication record 

and other indications of academic 
activity and visibility are required. 


Established in 1898, RPCCC is 

the world’s oldest cancer center 

and is known for numerous basic 
science and translational discoveries 
in oncology. RPCCC is an NCI- 
recognized Comprehensive Cancer 
Center that runs multidisciplinary 
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For your career in science, there’s only one Science 


Features in myIDP include: 
= Exercises to help you examine your skills, interests, and values. 


= Alist of 20 scientific career paths with a prediction of which 
ones best fit your skills and interests. 


= A tool for setting strategic goals for the coming year, with 


research, combining, under the optional reminders to keep you on track. 
umbrella of its Cancer Center . ; 
Support Grant, multiple Programs = Articles and resources to guide you through the process. 


aimed at understanding, preventing . F . . 
and curing cancer. It has state-of-the- = Options to save materials online and print them for further 
art research infrastructure enabling review and discussion. 

all aspects of modern biomedical 
research — from discovery work Ability to select which portion of your IDP you wish to share with 
towards clinical validation — and advisors, mentors, or others. 

provides a highly stimulating 
academic and clinical environment. 


A certificate of completion for users that finish mylDP. 


RPCCC is an equal opportunity 
employer that is committed 

to diversity and inclusion in 

the workplace. We prohibit 
discrimination and harassment 
of any kind based on race, color, 
sex, religion, sexual orientation, 
national origin, disability, genetic 
information, pregnancy or any 
other protected characteristic as 
outlined by federal, state or local 
laws. RPCCC makes hiring decisions 
based solely on professional 
qualifications, merit and specific 
research needs at the time. 


Visit the website and start planning today! 


4D | myIDP.sciencecareers.org 
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Director, Lunenfeld-Tanenbaum Research Institute 
Vice President, Research, and Lou Siminovitch Research Chair 
Sinai Health System, Toronto, Canada 


Applications are invited for the Director, Lunenfeld-Tanenbaum Research Institute; Vice President, 
Research; and inaugural Lou Siminovitch Research Chair at Sinai Health System. Sinai Health is a fully- 
affiliated academic hospital of the University of Toronto, one of the world’s top ranked research 
universities. We are seeking an experienced leader, able to develop and implement a strategic research 
vision, build and renew our research enterprise, and guide the research priorities for our institution. 


The Lunenfeld-Tanenbaum Research Institute (LTRI) at Sinai Health is a centerpiece of Canadian 
biomedical enterprise, integrating a strong discovery research hub with impactful clinical programs. In 
addition to the LTRI, Sinai Health includes Mount Sinai Hospital, Hennick Bridgepoint Hospital and a 
system partner, Circle of Care. The LTRI is on the brink of an exciting future with planned expansion to 
a new physical space, recruitment of additional investigators at different career stages, and the 
opportunity to rethink and rebrand its identity under new leadership. 


The LTRI is led by the Director, who reports to the President & CEO. It is comprised of 130 scientists 
and clinician-scientists, 450 research technical/administrative staff and 250 research trainees. 
Individual researchers have international reputations for excellence, as demonstrated by awards, large 
scale funding, and publications in the major areas of system biology, stem cell, genetics & heredity, 
precision medicine and quantitative data science, with applications to clinical oncology, obstetrics & 
gynecology, endocrinology & metabolism and cell biology. The LTRI is well equipped with major 
investments in robotics, imaging, animal research, biorepositories and tissue banks. 


The successful candidate must hold a PhD, MD/PhD or MD degree and be eligible for fulltime academic 
appointment at the rank of Associate or Full Professor at the University of Toronto. The preferred 
candidate will have an international reputation for excellence in biomedical research. They will have 
the ability to set the direction for research at Sinai Health, with experience and knowledge to develop a 
strategic vision that includes basic science, as well as translational, population health and clinical 
research. As Vice President, Research, they will have experience in leading in a complex environment, 
be committed to collaboration with a broad spectrum of stakeholders, and play a key senior leadership 
role at Sinai Health. They will have excellent interpersonal skills and demonstrated ability to create and 
maintain a workplace and learning environment that is equitable, respectful and safe for all staff and 
trainees. 


Remuneration for the role will be competitive and commensurate with qualifications and experience, in 
the range of $400,000-$450,000 per annum. The position is for a 5-year term, renewable once, based 
upon a successful review. The effective start date is November 1, 2022 or thereafter. 


Applications for this position will be accepted until July 31, 2022. Interested candidates should forward 
a cover letter, curriculum vitae and names of three referees to: 


Dr. Gary Newton 

President & CEO, Sinai Health System 
600 University Avenue, Ste. 19-310 
Toronto, ON M5G 1X5, Canada 


Gary.Newton@sinaihealth.ca 


Sinai Health is committed to fostering a culture and environment that is safe, equitable, compassionate 
and accountable. All qualified candidates are encouraged to apply; however, Canadians and permanent 
residents will be given priority. 
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Who's the top 
employer for 20217 


ea) 7 Science Careers’ annual survey reveals the top companies 
‘Y ) in biotech & pharma voted on by Science readers. 
| dd Read the article and employer profiles at 


Science 2021 
scence2021 —_ssciencecareers.org/topemployers 
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National Taiwan University Presidential Search 


National Taiwan University (NTU) is a full-fledged comprehensive university 
with outstanding achievements. Our Presidential Search Committee now invites 
nominations and applications for the position of President. 


Presidential candidates should meet the following requirements: Academician at 
Academia Sinica, or professor, or professional with prior teaching and academic 
research experience equivalent to that required of a professor, and at least three 
years of experience, accumulative, as a director in educational institutions, 
government agencies, or in other state-owned or private business entities; or 
have held or currently hold the position of president at a university prior to the 
enforcement of the amended Act Governing the Appointment of Educators, dated 
November 15, 2011; or meets the qualifications for appointment as president 
of a university prior to the amendment. The ideal President should be a leader 
of integrity with excellent academic achievement and administrative skills in 
education. The new leader should also be able to administer matters impartially 
and beyond the interests of any political groups. 


For those who would like to nominate a candidate, please fill in all required 
forms and deliver them to the address below via registered mail, express mail, or 
in person by 5:00 p.m. on Monday, June 27, 2022: 
NTU Presidential Search Committee 
No.1, Sec. 4, Roosevelt Road 
Taipei 
Taiwan 10617 
Please note that the nomination/application must reach the Committee by the 
above deadline. The application dossier will not be returned. 
Direct any inquiries to: 
Pei-Yu Sun and Yi-Chen Hu, Office of the Secretariat 
Tel: +886(0)2-3366-2032, 3366-1483 
Fax: +886(0)2-2362-9997 
Email: ntupsc@ntu.edu.tw 
The nomination forms can be downloaded from the NTU Website: 
http://www.ntu.edu.tw 


National Taiwan University Presidential Search Committee 
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What's Your Next Career Move? 


From networking to mentoring to evaluating 
your skills, find answers to your career questions 
on Science Careers 


To view the complete collection, visit 
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Associate or Full Professor, Immunobiology 
College of Medicine, University of Arizona Health Sciences 


The University of Arizona College of Medicine seeks applicants for a Tenure 
Track Associate Professor or Tenure Track Professor rank in Systems Biology. 
The successful candidate will hold an appointment in the Department of Immu- 
nobiology at the University of Arizona. This position will also be responsible 
for oversight of the UArizona Human Immune & Molecular Profiling facility. 
Within the department, the candidate will be expected to participate in medical 
and/or graduate teaching and service at the departmental, college and university 
levels. Teaching loads vary but are not expected to exceed 30 contact hours per 
year for research-intense faculty. 


Applicants must have a PhD and/or MD, an established program in systems bi- 
ology of the immune system, an active funded lab in immunology of infectious 
diseases or related area(s), and peer-reviewed publications in nationally recog- 
nized journals. Expertise and publications in single-cell omics will be a plus. 


The successful candidate will interact with, and contribute 10% of time to, the 
strategic UAHS initiatives involving molecular profiling, including the initiative 
in Personalized Defense. That would include, but not be limited to, attending ini- 
tiative meetings, and providing advice and expertise towards analysis of systems 
biology datasets. The candidate is expected to maintain a vibrant, extramurally 
funded research program with potential for translational applications; contribute 
to graduate (Ph.D.) and/or medical (M.D.) education; and provide institutional 
service in the Department of Immunobiology. Salary and start-up funds are at- 
tractive and commensurate with qualifications and experience. 


Outstanding UA benefits include health, dental, and vision insurance plans; life 
insurance and disability programs; sick leave and holidays; UVA/ASU/NAU tui- 
tion reduction for the employee and qualified family members; state and optional 
retirement plans; access to UA recreation and cultural activities; and more! 


For full details and qualifications, and to complete an online application, see 
req9131 at talent.arizona.edu. The University of Arizona is an Equal Opportunity 
Employer Minorities/Women/Vets/Disabled. 
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By Edgar Virguez 
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What | promised my mother 


addy, you’re on TV!” my daughter exclaimed, her face glowing with excitement and pride. We 

were at Duke University’s Perkins Library, where I was featured in an exhibition about the 

institution’s Latin community. It was a far cry from my first visit to the library 6 years earlier, 

soon after I came to the United States to pursue my graduate education. Walking into the 

majestic library for an orientation session back then, I quickly felt out of place when we were 

offered racial and ethnic categories to assign ourselves to. I consider myself mestizo—of mixed 
Indigenous and European descent, like many Latin Americans. But mestizo wasn’t an option, and 
none of the categories offered seemed to fit me. I felt profoundly out of place. 


I grew up in a low-income family in 
Colombia, and my mother sacrificed 
everything to give my sister and me 
a chance to succeed. She reminded 
us that because of our station in 
life we were unlikely to get second 
chances, so we needed to make the 
most of every opportunity—and en- 
able paths for others. “Remember 
your origins,” she told us. 

Those words gained new mean- 
ing when I arrived in the United 
States in 2016. My wife and I faced 
racism and xenophobia. As an inter- 
national student, I was ineligible for 
many fellowships. Amid the com- 
plex and rapidly changing immigra- 
tion system, I felt I was constantly 
looking over my shoulder, weighing 
whether each professional opportu- 
nity that came my way would affect 
my eligibility to stay in the country. 

In the face of these challenges, I 
felt more strongly than ever that I 
should help open doors for others. I applied my engineering 
training, defining skills to acquire and milestones to meet. 
Like any graduate student, I wanted to expand my technical 
knowledge and secure fellowships. I also wanted to increase 
campus diversity and engage with activist groups. When I 
checked my progress after my first year, though, I was disap- 
pointed to find that I had fallen short of the inclusion goals. 
I was failing to honor the commitment I had made to my 
mother, and to myself. 

Not long after, my first child was born, another re- 
minder of my priorities. After finishing my paternity leave, 
I returned to work recommitted to fighting for a diverse, 
inclusive environment. 

With my adviser’s support, I set aside time for advocacy 
work every week. In the years that followed, I orchestrated 
an agreement between my school and a Colombian nonprofit 


“1 felt more strongly 
than ever that | should help 
open doors for others.” 


to fund Colombian graduate stu- 

dents at Duke. I launched an under- 

graduate Spanish course that in- 

cluded a project connecting Duke 
students with children in marginal- 
ized communities in Bogota. I par- 
ticipated in committees advocating 
for inclusive education. 

It was not always easy—or 
possible—to make headway on 
my advocacy as well as my re- 
search, and at times I didn’t get 
the balance quite right. But when 
I veered too far in either direction, 
my adviser, an extraordinary men- 
tor who listened and supported 
my goals, helped me find my way 
back. And when one of my thesis 
committee members suggested I 
decrease my engagement in non- 
research activities, my adviser lis- 
tened to my frustration about how 
some people don’t understand 
what it means to be oppressed. 

I also found that some of the skills I developed fed back 
into my research. For example, I discovered that by dissecting 
my university’s current practices, I could identify ways the 
institution could better support international students. That 
same approach helped me formulate the analysis for one of 
my research questions about where to build solar farms. 

Just before defending my dissertation in January, I visited 
the library exhibition for the first time. I had been inter- 
viewed about the course I created, and I was overwhelmed to 
find myself featured. And when I looked up, a proverb embla- 
zoned over the exhibition brought me to tears: “They tried to 
bury us; they didn’t know we were seeds.” 


Edgar Virguez is a postdoctoral scholar at Carnegie’s 
Department of Global Ecology at Stanford University. Send your 
career story to SciCareerEditor@aaas.org. 
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YOUNG EXPLORER AWARD 2022 


Research at 
the intersection 
of the social and 
life sciences 


Unconventional. Interdisciplinary. Bold. 


The NOMIS & Science Young Explorer Award recognizes and rewards 
early-career M.D., Ph.D., or M.D./Ph.D. scientists that perform research at the 
intersection of the social and life sciences. Essays written by these bold 
researchers on their recent work are judged for clarity, scientific quality, 
creativity, and demonstration of cross-disciplinary approaches to address 
fundamental questions. 


A cash prize of up to 15 000 USD will be awarded to essay winners, and their 
engaging essays will be published in Science. Winners will also be invited to 
share their work and forward-looking perspective with leading scientists in 
their respective fields at an award ceremony as well as a meeting of the NOMIS 
Board of Directors to consider future funding. 


Apply by May 15, 2022 


at www.science.org/nomis 
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